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Foreword 



Dear readers, this work is about a collection of notes in the field 
I enjoy to study. I wrote it in English because it is, more or less, 
the conventional language for the information technology; but, at 
the same time, I would like to practice with English as well. How- 
ever, even though I might be a good reader in English, I am not yet 
good enough at using it to write: I ask you to forgive me. If you are 
interested in this topic and plan to keep on reading it, I hope you 
will be willing to write me some feedback to correct my usage or 
grammatical errors: I would highly appreciate it. My email address 
is appunti2@gmail.com. 

The book is distributed in different typesetting formats: the main 
PDF version is intended to be read with a small screen device, so the 
characters and the figures (where possible) are bigger than usual, but 
the margins are very narrow. 

Who am I? I was a high school technical teacher. I was thrilled in 
1981 when I first used a Burroughs B91: 1 learned to write COBOL 
programs and experienced with other Burroughs proprietary lan- 
guages for the system maintenance. Then, I felt excited in 1995 
when I started studying GNU/Linux systems and I dreamed (again) 
a world of free software, free knowledge (and peaceful living); I also 
wrote a book about GNU/Linux and what it could achieve when be- 
ing put in good use (of course, I wrote it in Italian, my native lan- 
guage). But I found that things did not go as I wished (or dreamed) 
— especially with my teaching experience — because in human na- 
ture the 'freedom' is something that is not appreciated if it is 'free'. 

Anyway, I am still attracted by the memory of the passion I had 
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in my young ages, when I imagined that computers could be built 
simply with discrete logic (and all the software could be written from 
scratch)... :-) 

Daniele Giacomini 
Via Morganella Est, 21 
1-31050 Ponzano Veneto (TV) 
Italy 

appunti2 @ gmail.com 

http://iUinkedin.com/pub/daniele-giacomini/4W 
http://informaticalibera.net 
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Logic functions and logic gates 



The term logic comes from the philosophy and it is the way by which 
something can be found true or false. The concepts of 'true' and 
'false' can be considered as the two elementary values of a logic 
variable. There are different ways to represent the values of a logic 
variable and every context might have its own symbology, but when 
using numbers — unless otherwise specified — it is custom to asso- 
ciate 1 to 'true' and 0 to 'false'. 

A logic expression, or a logic function, is the expression or the func- 
tion that produces a true or false result. The components of a logic 
expression or function are listed below: 

• declarative propositions - propositions that can be found either 
true or false; 

• logic constants - either true or false; 

• logic variables - variables that can represent only the values true 
and false; 

• logic functions and operators - the functions or the operators used 
to connect the other logic components into a more complex func- 
tion or expression. 

Logical functions can be represented in different ways, depending 
on the context and on possible typographical limitations. Therefore, 
every time it is necessary to understand which is the adopted symbol- 
ogy, taking into account that the representation might change inside 
the same document; for example, the body text explaining a prob- 
lem might use one symbology, whereas the pictures might have a 
different and more appropriate one. One particular way to represent 
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a logic function consists on drawing little boxes, with one or more 
inputs and one single output: these are known as logic gates. 



Table 1.1. Some alternative notations regarding the common 
logic functions, associating the symbology used for the corre- 
sponding logic gates. 
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— a 




not a 
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(aQb) 


a and b 


a A b 
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ab 


a — 
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a or b 


a vb 


a + b 


a — 
b - 


D- a+b 


(aQb) 


a xor b 


a e b 


a 

b^ 


) }— a©b 



The truth tables are used to define the meaning of logic operators: all 
the values of the input variables are matched with the corresponding 
logic results. 

1.1 NOT 

« 



The NOT function has a single input and produces the logic inver- 
sion. That is: if the input is true (1), the output is false (0) and vice 
versa. When the NOT function is represented in the form of a logic 
gate, it is known with the name inverter. 
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Figure 1.2. NOT (inverter). 
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The figure above shows that there are two alternative ways to repre- 
sent an inverter gate: the first one is the most common. 

1.2 x not-inverter' or 'buffer 

Two consecutive inversions give just the original logic value; that is, 
"NOT (NOT A)" is just the same as "A". There is a logic gate that is 
known as not-inverter or buffer: it does nothing from the logic point 
of view, but it has some meaning for other problems. 

Figure 1.3. Buffer (not-inverter). 
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From the example shown for the inverter and the buffer logic gates, 
it should be noticed the use of the little bubble that means logic 
inversion. This bubble can appear at the input or at the output and 
it might be used also with other logic gates. 



1.3 AND 

The AND function takes two inputs and the result is true only if both 
inputs are true, otherwise the result is false. 



Figure 


1 .4. AND. 
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The AND logic function might have more than two input variables 
and the result is true only if all the inputs are also true. The same 
way, the AND logic gate might have more than two input lines, as it 
is shown in the following figure. 



« 
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« 



Figure 1.5. Two ways to represent the AND gate with more than 
two inputs. 
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1.4 OR 



The OR logic function takes two inputs and the result is true if at 
least one input is true, otherwise the result is false. 

Figure 1.6. OR. 
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truth table 

The OR logic function might have more than two input variables and 
the result is true if at least one input is also true. The same way, the 
OR logic gate might have more than two input lines, as it is shown 
in the following figure. 
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Figure 1.7. Two ways to represent the OR gate with more than 
two inputs. 
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1.5 XOR 



« 



The XOR logic function (exclusive or) is derived from the other 
ones: it takes two inputs and the result is true if only one input is 
true, otherwise the result is false. 



Figure 1.8. XOR. 
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Even the XOR logic function might have more than two input vari- 
ables and the result is true if the true input variables are an odd quan- 



14 Logic functions and logic gates 

tity. The same way, the XOR logic gate might have more than two 
input lines, as it is shown in the following figure. 



Figure 1.9. XOR gate with more than two inputs. 

a— \\ 




n-l 



1 .6 Logic networks 

Elementary logic functions can be used together to build more com- 
plex ones. When using logic gates, connecting two or more gates 
results into a logic network or logic circuit, which are equivalent 
definitions of the same thing. 



Logic functions and logic gates 



15 



Figure 1.10. A simple logic network. 
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The logic gates are connected together with wires; the figure above 
shows a name for every wire, where X\ and x 2 are the inputs of the 
overall logic function and / is the output. Each wire can carry a 
signal of 0 or 1 that in electronics is usually represented by a ten- 
sion, measured in Volts and known also as voltage (but even a cur- 
rent might be used in a particular technology, to distinguish 0 and 1 
values). In electronic circuits there is usually a common connection 
known as ground, because it carries the 0-volt point of reference for 
the other electric tensions. In a logic circuit, when a wire has the 
same voltage of the ground, it represents the value 0; when the elec- 
tric tension is higher (or lower, depending on the specific technology 
used) the value that a wire represents is 1 . 

Together with the truth table, a logic network might have also a tim- 
ing diagram, where the electric signals are shown dynamically, like 
the example below: when the line of the diagram is low it represents 
the value 0; when the line is high it represents the value 1. 
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Figure 1.11. Timing diagram. 
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The electric signal used to represent the value 1 might be positive or 
negative in relation to the ground potential. The choice to be positive 
or negative depends on the technology used to build the logic gates. 
When a timing diagram is drawn, the value of the signal used to 
represent 1 is always shown high, regardless if it is a positive or 
negative value. 

Figure 1.12. The simple logic network with a negated wire name. 
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When a wire is named, this name might be negated. The figure above 
shows the same simple logic network, where the previous wire w 2 is 
replaced by the name x 2 . In fact, the wire x 2 is obtained inverting the 
value at the wire x 2 and so it is easier to read the logic network. 
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It is common to use the word 'active' to mean 1 on a wire, but when 
a wire is labeled with a negated name, the meaning of 'active' be- 
comes ambiguous. The name of the wire implies the name of the 
signal it carries: a plain name (without negation) means that this is 
the name of the high signal or the name of the value 1 (active high); 
on the other hand, a negated name is the name of a low signal or the 
name of a value 0 (active low). To express the meaning that the sig- 
nal is the one that it is expected to be, based on the name of the wire, 
it is custom to use the words assert and negate. For example, in the 
above figure, the wire w i is asserted when it is high — or one — and 
negated when it is low — or zero — , whereas the wire x 2 is asserted 
when it is low — or zero — and it is negated when it is high — or 
one — . 

1 .7 Operator precedence 

When the logic functions are written in the form of expressions, it 
is important to define the order of precedence, to avoid an excessive 
use of parentheses. This order is: NOT, AND, OR. For example, 
a+b c means exactly a+(b-(c)). It should be noticed that it works 
like the usual arithmetic, where multiplication has the precedence 
on the addition. 

The precedence problem is not related to logic networks, because 
the connections define the order of evaluation. 



It is not specified the precedence order for the XOR operator, be- 
cause it is a derived function of the other ones. So, if ambiguity 
might occur with a logic expression, parentheses should be used. 



« 



« 
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1 .8 Irrelevant values inside the truth table 

There are situations where truth tables of logic functions can be re- 
duced, because for some conditions the value of some inputs are 
irrelevant. When an input value might be anything, it is used a letter 
'X' . For example, the simple function shown on a previous section 
is (xi+x 2 )-x 2 and it happens that if Xi is 0, it does not matter which 
value has x 2 , because the output remains 0. 

Figure 1.13. Truth table simplified. 
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1.9 Equivalence 

Through the elementary logic operators it is possible to build com- 
plex functions, where there are different alternatives to obtain the 
same result. For example, the XOR function might be obtained as 
(a+b)(a+b) or as (a+b)(ab) or as (a+b)-(a+b), or even more 
complex and less useful ways. To transform a logic function into 
another, producing the same result, come to help the De Morgan's 
laws: 
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a • b= {a+b ) 



a-o[ 



a • b = 



a 
b 



(a+b) 



a 



_ CI Q 

a J rb= (a-b) ^ -q 



a+b 



a 
b 



o- (a • b) 



Putting together the truth tables of the basic logic functions with the 
De Morgan's laws, it is possible to find the equivalences shown in 
the following table; equivalences on which is based all the 'logic' 
algebra, better known as the boolean algebra (or Boole's algebra). 



Table 1.15. Boolean algebra equivalences. 
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1. a+0 = a 



2.0-0 = 0 



3. a+1 = 1 
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13. a(b+c) = a-b+a-c 
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14. a+b-c = (a+b)-(a+c) 
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15. (a+b) = a-b 



a 




a 
b 



(a+b) 




a • b 



a • b 



16. (a-b) = a+b 



a 
b 



^)c— (a-b) 



a 
b 




a + b 



a + b 



17. («) = « 



a 





a 



a 



-o 




a 



a 




a 



When the logic function is defined using only the basic logic oper- 
ators (NOT, AND, OR), the De Morgan's laws allow to transform 
easily a logic function into its complement. Given the function / it 
is possible to obtain the negated function / following a simple pro- 
cedure: 

• the original AND operators are replaced with OR operators and 
vice versa, using parentheses to keep the original evaluation order 
unchanged; 

• all the variables are complemented (negated) with the NOT oper- 
ator. 
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Example: 

/ = a+bc+d^+gh 

f = a(b+c)(d+e)(g+h) 



Please notice that A B is not the same as (A B). So, writing A B 
might create confusion, because the line above seems to be unique. 



1.10 Sum of products 

A logic function is an expression made of logic variables, logic con- 
stants and logic operators, which produces a logic result (true or 
false). However, a logic function can be described simply with the 
truth table that combines the input variable values with the expected 
result for every input combination. 

Having a truth table it is possible to synthesize the corresponding 
logic function through the method known as the sum of products. 
The sum of products is the 'sum' (logic OR) of all the fundamental 
products that describe every input condition. The following picture 
shows three truth tables with two, three and four inputs; for every 
input combinations it is written the fundamental product, which is a 
function that becomes true only with a particular combination. For 
example, the fundamental product ABC (or ABC) describes the 
combination A =0, B=l and C=0. 
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Table 1.16. Fundamental prod 
and four input variables. 
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of functions having two, three 
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For example, the function known as NXOR (function of two input 
variables that is true only when the inputs have the same value) is 
synthesized with the procedure that is shown by the following figure. 
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Figure 1.17. NXOR function synthesis, starting from the truth 
table. 
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To synthesize a function, the fundamental products corresponding 
to the expected true combinations are added together (sum of prod- 
ucts); as the figure shows, it is also possible to do the opposite to 
obtain the equivalent negated function. 
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1.11 Karnaugh maps 
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A logic function can be translated into a Karnaugh map, which can 
help to simplify the expression that synthesize the function. The 
Karnaugh map is a bidimensional representation of the fundamen- 
tal products, from the truth table that is to be analyzed. In the fol- 
lowing figures are shown three empty maps, for functions with two, 
three and four input variables: care must be taken to the fundamental 
products sequence, because it does not correspond to the one used 
for the truth table. 

Figure 1.18. Karnaugh maps containing the fundamental product 
definitions pertaining to each cell. 
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The maps should be used placing inside the cells a 1 where the fun- 
damental products are valid. The following figures show some ex- 
amples, matching each truth tables with the corresponding map. 
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Figure 1.19. Truth tables and Karnaugh maps pairs. 
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Once the map is prepared, the cells containing the value 1 should be 
grouped together in rectangular shapes, considering different group- 
ing alternatives if possible. Please notice that these groups can be 
only of one, two, four, eight,... elements. 

Figure 1.20. Karnaugh maps with the cells grouped horizontally 
and vertically; the map with four input variables shows two al- 
ternative groupings. 
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When two adjacent cells — vertically or horizontally — contain the 
value 1, one of the variable regarding the two cells is useless. The 
following figure demonstrates intuitively the process. 



30 



Logic functions and logic gates 



Figure 1.21. Simplification when two adjacent cells have the 
value 1. 
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The simplification comes out from the fact that x OR x is always 
true; therefore, when a rectangular group shows that the same vari- 
able appears both normal and negated, that variable can be simply 
ignored. 

Figure 1.22. Example of a map that can not be simplified. 
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Figure 1.23. Example with three variables. 
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Figure 1.24. Example of alternative simplifications with a map 
having four variables. 
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Karnaugh maps allow to simplify a logic function with no more than 
four variables, otherwise the map should have more than two dimen- 
sions and it would be impractical to view. 

It might happen that the function output for some input combination 
is unspecified, because it doesn't matter what it is. When it hap- 
pens, the synthesis can decide what value is better for the purpose 
of reducing the final expression. That is: the decision, whether these 
values should be grouped or not, is free. 
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Figure 1.25. Example of alternative options when simplifying a 
function with some unspecified output values. 
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Karnaugh maps can be used also for logic networks with more than 
one output for the same inputs; in that case, these networks are seen 
as multiple logic functions sharing the same input variables: it is 
probably useful to try to share also some more elements inside the 
two functions as it is shown in the following example. 
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Figure 1.26. Two functions of the same input variables, synthe- 
sized with two maps. 
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Figure 1.27. Logic network solution: first divided and then joined 
(saving a logic gate). 
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1.12 Logic gates and multiple lines 
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Designing a complex network it is possible to draw multiple lines 
together if the connected logic is replicated for each one. 

Figure 1.28. Quad inverter. 
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The above example shows four inverters designed in parallel, using 
on the left a compact way, where the four input and output lines are 
joined together in a single multiple one. The following figure shows 
a similar parallel connection with four AND gates. 
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Figure 1.29. Quad AND. 
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The following figure shows a different kind of line joining, related 
to multiple input gates: the OR gate has four input lines, but on the 
left the four lines are joined in a single multiple one: this is known 
as reduction. 

Figure 1.30. Four input OR. 
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A parallel gate connection might require that some ports be con- 
nected together to a single line. The following figure shows four 
XOR gates with one of the two input ports connected to the same 
line. 
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Figure 1.31. Quad XOR with a common input line. 
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1.13 Electronic logic gates 

The logic gates are usually implemented inside integrated circuits 
(IC), with various technologies and densities. During the 1970s it 
was commonly used the so called discrete logic, made of small inte- 
grated circuits with few logic gates or simple specific logic circuits. 
The old 'discrete logic' might give the idea of what can be concretely 
a logic gate in reality. 

Figure 1.32. Four NAND gates inside an integrated circuit. The 
schematic on the left shows that the connections 7 and 14 must 
be used for the power supply: Vcc/Vdd and GND (ground). 
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The boolean algebra consider only three logic states: 0, 1 and 'X', 
for 'true', 'false' and 'unspecified' (unknown). The electronic logic 
adds another state: 'Z' for 'high impedance' or 'floating'. 
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Figure 1.33. Tri- state buffer with an 'active high' enable line. 
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Figure 1.34. Tri-state buffer with an 'active low' enable line. 
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The tri-state buffer, shown above, works like a buffer, replicating the 
same value received from the input to the output, but only when the 
enable input is asserted, otherwise its output becomes virtually 'dis- 
connected'. The state of isolation that the tri-state buffer can have 
on the output, when the enable input is negated, is called 'high 
impedance' or 'floating' and it is used the letter 'Z' to show it. 
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Figure 1.35. The connection of many output lines together is pos- 
sible with tri- state buffers. 

NEVER DO THIS! 




only one enable line 
can be asserted! 



The figure above shows that it is not possible to connect together the 
output of two or more common logic gates, because it is not specified 
what should happen if these outputs drive a different logic state and 
because these components would be likely damaged. On the right 
the circuit is modified with the addition of tri-state buffers; this time 
the connection is possible, but only under a strict condition: only 
one tri-state buffer can be enabled at the same time. But if no one of 
the four tri-state buffers is enabled, the last AND gate on the right 
receives an unpredictable or confused input, corresponding to the Z 
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state, which is neither 0 nor 1 . 

Electronic gates have also another important characteristic: the prop- 
agation delay, which means that the gates output is always updated 
with a little delay, compared to the input changes. 

Figure 1.36. Delay introduced by a simple inverter gate. 
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The figure above shows that even the simplest component, like the 
inverter gate, introduces a little delay. In that case it appear a delay 
of 2 ns. The following figure shows that the delay can be used to 
produce a short pulse. 
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Figure 1.37. Pulse signal produced with an inverter delay. 



in 




O 



in 



out 



in 



in 



out 



a 
>4-r< 



b 



ic 

>rr< 



a inverter delay 
b AND gate delay 
c impulse 



It should be noticed that the above example is not practical, because 
the delay is too short to be useful; a longer delay with a sequence of 
more inverters might solve the problem. 

1.14 HDL 

Logic networks can be simply designed in a way that allows humans 
to read them. But when a logic network is to be treated as data, it 
should be 'designed' adding all the information needed and not just 
only the graphical aspect, whereas the graphical aspect might also 
be unnecessary and omitted. There are specific languages — just like 
the common programming languages — used to describe the logic 
networks and, more generally, the hardware. These are known as 
hardware description languages and the abbreviation HDL is com- 
monly used. 
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There are two main HDL languages: VHDL and Verilog. Here is 
used Verilog because of its closeness to the C language, allowing 
to show examples without a previous detailed study of the language 
itself. 

As a first example of Verilog coding it is shown how a simple AND 
gate could be synthesized. Verilog defines modules that are intended 
like black boxes with input and output ports; these modules are de- 
clared like they were functions. Here the module is declared with the 
name my_and, because the name 'and' is obviously reserved. 

Figure 1.38. The module my_and that is to be synthesized with 
Verilog. 
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The first solution in Verilog code is very simple and it uses a 'con- 
tinuous assignment' with a little delay (6 ns) to reproduce the prop- 
agation delay that real gates have. 

Listing 1.39. Verilog code implementing the my_and module 
with a continuous assignment. 



^timescale Ins 
module my_and (Y, A, B) ; 

input A, B; 

output Y; 

assign #6 Y = A & B; 



// continuous assignment 
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endmodule 



A very simple variation of the above example consists on the use of 
a gate instantiation, which is named AO; like the previous example 



it is specified a 6 ns delay. 

Listing 1.40. Verilog code implementing the my_and module 
with a gate instantiation. 



^timescale Ins 




module my_and (Y, A, B) ; 




input A, B; 




output Y; 




and #6 AO (Y, A, B) ; 


// gate instantiation 


endmodule 





The two example above declare the module myjxnd and they spec- 
ify that A and B are input ports (wires), whereas Y is an output port. 
Then, on the first example it is assigned to the Y wire the result of 
A B, with a 6 ns delay, whereas on the second example it is used 
a gate instantiation with the same delay. Please notice that the con- 
tinuous assignment of the first example and the gate instance of the 
second one just work continuously: every time that A or B change 
value, after the specified delay, they update the value assigned to Y. 

A more complex solution might requires to use a memory, defining 
that the output line is the output of a virtual register with the same 
name. This virtual register works like a local variable of a single bit. 
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Listing 1.41. Verilog code implementing the my_and module 



with a propagation delay of 6 ns. 



^timescale Ins 




module my_and (Y, A, 


B) ; 


input A, B; 




output Y; 




reg Y; 


// virtual register 


always @ (A or B) 


// do if A or B change value 


begin 




# 6; 


// propagation delay 


Y = A & B; 


// assign the result to Y 


end 




endmodule 





The above code, after the module port declarations, specifies that 
the Y wire comes from a register, so that the value of Y should be 
changed assigning something to it (inside a block). Then it starts a 
block delimited by the keywords begin and end, which is executed 
every time that at least one of the input ports (A and B) changes its 
value. This block starts with a 6 ns pause, then the bitwise A B is 
calculated and assigned to Y. 
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Logic networks can be simply designed in a way that can be read by 
human. When a logic network is to be treated as data, it should be 
'designed' adding all the information needed and not just only the 
graphical aspect, whereas the graphical aspect might also be unnec- 
essary and omitted. There are specific languages (just like the com- 
mon programming languages) used to describe the logic networks 
and, more generally, the hardware. These are known as hardware 
description languages and the abbreviation HDL is commonly used. 
There are two main HDL languages: VHDL and Verilog. Verilog has 
the advantage to be more terse and similar to the C language. 

When an HDL language is used, the project usually has two pur- 
poses: simulation and synthesis. Simulation is used to verify the 
project with a software tool; synthesis is made to obtain some spe- 
cific code for programmable hardware or to produce a final inte- 
grated circuit. When using an HDL language, some code might have 
specific meaning for the simulation that the synthesis phase might 
ignore. 

To verify the examples of this chapter, the TKGate and Icarus sim- 
ulation environments might be used (http://www.tkgate.org , http:// 
iverilog.icarus.com ). 
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2.1 Minimal notions 

There is some similarity between Verilog and the C language, but 
Verilog is not C and the resemblance is limited to some aesthetics. 
The first minimal notions to start reading the Verilog code are the 
following: 

• comments are the same as C (/*...*/ and //); 

• white spaces are ignored unless they are delimited as string con- 
stants; 

• the semicolon ( ; ) is used to terminate the statements and the 
comma ( , ) is used to separate elements inside a list; 

• identifiers (the names used to identify components defined inside 
the code) are case sensitive and should start with a letter or the 
underscore (_) and might contain letters, digits, underscore (_) 
and dollar ($);* 

• all Verilog keywords are lowercase. 



2.2 Hello world! 

A first minimal program is useful to test the simulation environment. 
The Verilog language includes some functions and instructions, the 
name of which starts with dollar ($). These functions and instruc- 
tions are intended to control the simulation environment. The typical 
simulation environment should have the ability to display some text 
that Verilog can output with the $display ( ) function, which works 
in a similar way to the print f ( ) found in C. 
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Listing 2.1. Two times "Hello world!". 



module hello; 




initial 




begin 




$display ("Hello 


world ! " ) ; 


$display ("Hello 


world ! " ) ; 


#10 $ finish; 




end 




endmodule 





The example listed above shows two times the text "Hello world!", 
then it waits 10 time units and then it stops the simulation with the 
$finish instruction. Please notice that the $display () function 
adds a new-line at the end of the string and the double display is 
intended to show this feature. It is supposed that the file containing 
the above listing is named 'hello.v'; to run TKGate with it, the 
following command might be used: 



$ tkgate20 hello .v [Enter] 
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Figure 2.2. TKGate after the program end. 

File Edit Tool Format Module Components Help 



De^iaii £CI il K © G> * Q J? iP '3 3 J3 -e 



Iff 



I^Tree |t|List| 




IT 



OEdit S Interface | Simulate 



modulo hello; 

initial 
begin 

Sdisplay ("Hello world I"); 
Sdisplay ("Hello world! ") ; 
flO Sfinish; 
and 
ondmodulo 



TkGate 2.0-blO - Digital Circuit Editor and Simulator (released Sep 26 2009) 

[Compiled Jul 27 2012 23:00:50] 

Copyright (C) 1987-2009 by Jeffery P. Hansen 

TkGate comes with ABSOLUTELY NO WARRANTY; see ' Help. .. License ' menu 
for license and warranty details. Report problems to hansen@tkgate.org 

ILoaded VPDs: CokeMachine TTY KBD SCRJ 

Starting simulator at Wed Jan 23 19:58:45 2013. 

Hello world! 

Hello world! 



File: hello. v 



Module: hello 



The above example might be also compiled and tested with 
Icarus Verilog in the following way: 

$ iverilog -o hello, vvp hello .v [Enter] 

The above command generates the file 'hello . vvp' that can be ex- 
ecuted by the command vvp: 

$ vvp hello .vvp [Enter] 



Hello World! 
Hello World! 
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This video shows how to replicate the above example, with TKGate 
and with Icarus Verilog, starting from the same source 'hello . v': 
ogv http://www.youtube.com/watch?v=kGofhPGWErc . 

To use a Verilog simulation environment it is also necessary to be 
able to trace a wave at some point, to see dynamically what happens 
inside some virtual wires. The next example is made to generate 
two different clock signals at the variables x and y (these variables 
represent a wire with memory and it doesn't matter how it should be 
implemented). 



Listing 2.4. Two different clock signals. 



module wave; 




reg x; 




reg y; 




initial 




begin 




$ dump file 


( "wave . vcd" ) ; 


$dumpvars 


(0, wave) ; 


x = 0; 




Y = 0; 




end 




always 




begin 




# 20; 




x = 1; 




# 20; 




x = 0; 




end 




always 
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begin 

# 15; 

y = i; 

# 15; 
Y = 0; 

end 
endmodule 



The above listing contains two simulation functions necessary to 
Icarus Verilog to create the 'wave . vcd' with all the variables vari- 
ations; this file is then read by GTKwave. The following command 
assumes that the above listing is contained inside the file 'wave . v': 

$ iverilog -o wave . wp wave.v[£/i^r] 
$ vvp wave . wp [ Enter \ 

The simulation does not stop by itself and it is necessary to send an 
interruption signal with the keyboard combination [Ctrl c]. 

$ [Ctrlc] 

Then wp turns to work in interactive mode and it is necessary to 
type the command finish: 

> finish [Enter] 

At this point there is the file 'wave .vcd' and it can be read with 
GTKwave: 

$ gtkwave wave.vcdf^r] 
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Figure 2.5. GTKWave with the variable x and y selected. 



File Edit Search Time Markers view Help 



From: 0 sec To:|21950320 s S Marker: -- | Cursor: 5452375 sec 



SST 



r 



Type Signals 



reg x 



reg y 



Filter: 




Append | Insert | Replace | ,| |>| rjp 



The picture above shows GTKWave with the variables x and y al- 
ready selected. To do so, on the left, the module name (wave) must 
be selected, then the variable names appear just below: the variable 
names must be dragged and dropped into the black window that 
should show the waves. 

TKGate can use the same source example, but it does not know the 
functions $dumpfile() and $dumpvars() , so these lines must be re- 
moved or commented. 



$ tkgate20 wave . v [Enter] 



The following picture shows TKGate running the simulation with a 
'scope' window displaying the waves, selected from the net list on 
the left. 
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Figure 2.6. GTKWave with the variable x and y selected. 
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TkGate: Scope 



modulo wave; 

rog x; 
r»g y; 
initial 
begin 

/ V$durpfile ("wave, vcd") ; 

//$dunpvctrs (0, wave) ; 

x = 0; 

y = 0; 
ond 
always 
begin 

* 20; 
x - 1; 

# 20; 
x = 0; 

ond 
always 
begin 

* 15; 
y = 1; 

# 15; 



File Simulate Trace Help 



File: wave.v 



Module: wave 



+10 +20 +30 +40 +S0 +60 +70 +80 +90 +100 



This video shows how to replicate the above example, with Icarus 
Verilog and TKGate, starting from the same source 'wave.v': ogv 
http://www.youtube.com/watch 7v=NLzcXuadiIQ . 

2.3 Compiler directives 

The C language has a pre-compiler that looks for directives like 
#def ine and #ifdef . The Verilog language has similar directives 
that starts with the character ' (back quote). Like in the C language, 
the compiler directives do not have the final semicolon. 

Like in the C language there is a 'define directive to declare a 
symbolic macro: 



Me f i n e macro replacing Jext 
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For example, the symbolic macro "my_macro representing the value 
45 could be declared as: 



Me fine MY_MACRO 4 5 

To use the symbolic macro inside an expression, the ' prefix must 
be included, like this: 

x = a + x MY_MACRO; 

Like in the C language there are the directives 'ifdef, 'ifndef, 
'else and 'endif , to conditionally select the Verilog code. 



A if def macro 

code_if_macro_exists 

'else 

alternative _code 

'endif 



'ifndef macro 

code_if_macro_does_not_exist 

'else 

alternative^ ode 

'endif 



See the following example: 
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'ifdef MY_MACR0 

x = a + 'MY_MACR0; 
'else 

x = a; 
'endif 

In the above example, the variable x is the sum of a and the macro 
'MY_MACRO, but only if the macro itself is already declared. The next 
example is just the opposite, but with the same meaning: 

'ifndef MY_MACRO 

x = a; 
'else 

x = a + 'MY_MACRO; 
'endif 

The Verilog language requires the definition of the timescale, which 
is the time unit used for the simulation. The timescale is defined with 
the 'timescale directive: 



'timescale integer _delay_unit [ / max resolution ] 

The integer delay unit time and the max resolution are specified with 
values that should be 1, 10 or 100 followed by "s" (seconds), "ms" 
(milliseconds), "us" (microseconds), "ns" (nanoseconds), "ps" (pi- 
coseconds) or "fs" (femtoseconds). 

'timescale lOns/lns 

The above example requires that the simulation is made with a preci- 
sion of 1 ns, whereas the integer delays are 10 ns multiples, but this 



Introduction to Verilog 61 

means that a delay of 1 is 10 ns long and a decimal delay time can 
be specified, up to the first decimal position. For example, a delay 
of 1.3 is equal to 13 ns, but 1.35 is also equal to 13 ns, because the 
minimal resolution is of 1 ns. The following example specifies that 
only integer delays notations are allowed (1 ns): 

^timescale Ins 

2.4 Signal values 

Verilog consider four 'logical' states: 0, 1, unknown and floating (hi- 
impedance). The states 0 and 1 are the well defined logic values; if 
the logic value is unknown or it is not possible to establish it, the 
symbol x or x can be used to express it. If a wire becomes isolated 
from the other connections, the symbol z, z or ? can be used to 
describe it. 



0 


logical 0 


X 


X 


unknown or unspecified 


1 


logical 1 


z 


Z 


? floating (high impedance) 



2.5 Literal constants 

A literal constant is a constant value represented directly by its 
value. There are three types of literal constants that Verilog can ex- 
pect: integer numbers, floating point numbers and strings. 

The literal constant representing an integer number inside Verilog is 
much different from the common programming languages, because 
it can contain the bit-range, or size: 2 
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[ [ size ] ' base ' 


value 




[ [size] ' b 


o 


d | h] value 



The base is a letter specifying the base in which the following num- 
ber is represented, but it is always preceded by an apostrophe. The 
allowed bases are: ' b, binary; ' o, octal; ' d, decimal; ' h, hexadeci- 
mal. Here are some examples with size and base specified: 



7'd32-7-bit 32io 
7'd232 - 7-bit 104io 3 
15 ' h3B4F - 15-bit 3B4Fi 6 
5'blll01 - 5-bit 11101 2 

If the size of the value is not specified, a default size is used, but it 
depends on the implementation and it should be at least of 32 bits 
(although it is not guaranteed). Here are some more examples with- 
out size specification: 

'd32 -32io 
'd232 -232io 
' h3B4F - 3B4F 16 
'blllOl - IIIOI2 

If even the base is not specified, it is intended to be a decimal value. 

A literal constant can contain some underscore characters, which are 
ignored, because they are useful only to separate the digits for some 
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aesthetical reasons: 
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16'b0101_0100_1110_1011 - OIOIOIOOIIIOIOII2 

The integer representation shown above is related to unsigned num- 
bers, which might be extended as positive numbers. The current Ver- 
ilog standard allows also to specify signed numbers, but the handling 
of signed numbers is not simple and it is useful to avoid it in the be- 
ginning. 

When the base is not decimal, the number can contain also unknown 
or floating values, but these particular values are extended if not all 
the requested bits are specified: 

16' hlx2x - 0001xxxx0010xxxx 2 
1 6 ' hx2x - xxxxxxxx0010xxxx 2 
8'blOzzlO -0010zzl0 2 
8 ' bzzlO - ZZZZZZ1O2 

A floating point literal constant is represented as a decimal value 
with decimal point; for example: 0.123, 1.23, 12. 34. It is the im- 
plementation that decides in which way it is encoded internally and 
the bit size that it should have. 

Strings are represented in double quotes. Each character inside the 
string occupies 8 bits and it is encoded following the ASCII stan- 
dard. For example: a string made of three characters requires 24 bits. 
Strings can contain a subset of the C language escape sequences: \n, 
\t, \\, \" and \ooo (the last escape sequence is a character defined 
by the octal code). 
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2.6 Data types 

The Verilog language has many different 'things' that can represent 
data, divided into three main categories: nets, variables and events. 
Nets are just wire connections that can be driven with some value, 
but they can not store it; variables are components (connected with 
wires) that can hold and keep a value; events are special variables 
used to hold the triggering of an event. 

Net types represent wires that can have a value only when they are 
driven by some source. If a wire is driven by more than one source 
with different values, then there is a collision and the result on the 
wire is different, depending on the particular net type. 



Table 2.14. Net types. 



Type 


Description 


wire 


A simple wire used to connect components: collisions 
result in unknown value. 


wand 


A wired AND net: collisions result in the AND of the 
values driven to the net. 


wor 


A wired OR net: collisions result in the OR of the values 
driven to the net. 


tri 


Just the same as wire, emphasizing the fact that there 
can be also the floating state. 


triO 


A wire where a floating state is changed into 0. 


tril 


A wire where a floating state is changed into 1 . 


triand 


Just the same as wand, emphasizing the fact that there 
can be also the floating state. 
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Type 


Description 


trior 


TiiQt thp camf 1 aQ wor* pmr>ha<;i7ino' thp fapt that thprp pan 

JU51 lilt/ odlllt/ Ud WUI. t/lllUlldolZjlllii lilt/ Idtl llldl lllt/lt/ Cdll 

be also the floating state. 


trireg 


A wirp rnnnpftpH to a virtual ranantfir whiph pan rptam 
/V wilt/ tvjiint/V^it/ti wj a viiiiidi tduddivji, which tdii it/idin 

the last value if it is driven by a floating state. 


supplyO 


A wirp Hirpptlv cr\Tr\TT\f k ctf k f\ tn thp crnnnH rpQiiltmcr al- 

/V Wilt tillt/l^llV l^VJllllt/t lt/ti Ik) lilt/ iilVJUlltl, 1 t/i3 U-lllllii dl 

ways into the value 0. 


supplyl 


A wirp Hirpptlv rT\Tr\T~\P k ctP k f\ to Vpp Tor \/HH^ rPQiiltmcr al- 

/V W11C Ullt/tliy V^VJllllt/Clt/ti IVJ V 1/1/ ^VJl V UU J , It/tDU-lllllii dl 

ways into the value 1 . 



Variable types represent registers and other container types to which 
a value can be assigned. 

Table 2.15. Variable types. 



Type 


Description 


reg 


A variable that can be used to represent a hardware reg- 
ister. 


integer 


A 2's complement signed integer variable not intended 
to represent a hardware register, which should have at 
least a 32-bit size. 


real 


A floating point (signed) variable not intended to rep- 
resent a hardware register, which should have at least a 
32-bit size. 


time 


An unsigned integer variable, with at least a 64-bit size, 
useful for saving the time counted as a number of simu- 
lation time units. It is used to hold the value returned by 
the $time system variable. 
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Please notice that variables of type integer, real and time, are 
useful only for simulated code, but not for what should be synthe- 
sized. 

The declarations of nets and reg type variables can be related to a 
single bit or to a numbered range of bits (the types integer, real 
and time have an implied bit size). The following examples show 
the declarations of nets and registers with a single bit size: 



wire wl, 


w2 r w3 ; 


// 


wl, w2, w3 and w4 are nets of 


wire w4; 




// 


type *wlre' . 


supplyO 


w5, w6; 


// 


w5 and w6 are nets of type 






// 


1 supply 0 ' . 


supplyl 


w7 ; 


// 


w7 Is a net of type 1 supplyl ' . 


reg rl, 


r2 ; 


// 


rl, r2 and r3 are variables of 


reg r3; 




// 


type y reg r . 



To declare a 'word' of more than one bit, a range of bits is added be- 
fore the name of the net or register. This range is enclosed in square 
brackets, as the following syntax should explain: 



[ msb : Isb ] 

For example, the following declaration defines the 16-bit wires wl6a 
and wl6b: 

wire [15:0] wl6a, w!6b; 



For a better compatibility, the range should always start from bit 
zero, up to size-1, like the example above. 
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When a net or reg is declared as a single bit, it is known as a 'scalar' , 
whereas when it is declared with a bit size it is known as a 'vector'. 

A net or variable, either scalar or vector, might be declared as an 
array, adding a range of elements in square brackets after the name, 
and if the array is of type reg it is also called a memory : 



name [ index _1 : index _n ] 

The following example shows a memory made of an array of register 
vectors: 

reg [7:0] mem [ 0 : 2 55 ] ; 

The memory mem is made of 256 8 -bit cells, where the first cell is 
reached with the index 0 and the last one with the index 255. 



For a better compatibility, the index range should always start from 
cell zero, up to size -I, like the example above. 



To access an array element an index is used, in square brackets, just 
like the C language does. The index might be a literal constant or an 
expression that produces an integer value. 



Table 2.19. Event type. 


Type 


Description 


event 


A variable that can be set (triggered) to represent an 
event. 



The event type is a single particular one that is used to store the 
triggering of an event. This kind of variable is read only inside an 
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event expression and when it is read it loses the trigger previously 
stored. At the moment it is useful to know just how an event variable 
is declared; the following example shows the creation of the event 
variable e : 

event e; 

2.7 Ports 

Almost all the Verilog code must be contained inside a module. 
A module is something like a box connected to the external world 
through ports. So, a port is a connection that can be used to get data 
into the module (input), to put data out of the module (output) or 
to get and put data (inout). 

When declaring a new module the port list should appear in paren- 
theses, but then it must be specified the direction of these ports. The 
example below shows the declaration of the module my_module 
with three ports, named a, b and c, used respectively for input, out- 
put and both: 

module my_module (a, b, c) ; 
input a; 
output b; 
inout c; 

endmodule 

As it can be seen from the example above, the keywords input, 
output and inout are used to declare a port, with its direction. But 
ports might have a size bigger than a single bit, in that case, the size 
is specified in the same way as for nets and registers. 
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module my_module (a, b, c) ; 


input L «j : 


u J a, 


output [2 


:0] b; 


inout [ 1 : 


0] c; 


endmodule 





The above example shows that all the ports are vectors of various 
sizes. Please notice that there are no port arrays. 



A port is a connection that, inside the module, might work as a net 
or as reg, but this fact should be specified, otherwise it is assumed 
that the internal connection is seen as a type wire. 

module my_module (a, b, c) ; 
input [3:0] a; 
output [2:0] b; 
inout [1:0] c; 
reg [2:0] b; 

endmodule 

The above example shows that the port b is driven by the module 
with a memory (it might be a register). The same declaration might 
be done at the same time of the port declaration, in a more elegant 
way: 
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module my_module (a, b, c) ; 
input [3:0] a; 
output reg [2:0] b ; 

inout [1:0] c; 

endmodule 

2.8 Parameters 

Verilog allows to declare symbolic constants, known as parameters. 
The parameter declaration must specify also the value that it rep- 
resents, with a literal constant or with an expression where literal 
constants and other parameters can be used. 



module 




parameter 


DLY = 3; 


parameter 


XDLY = 3 + DLY; 


endmodule 





The above example shows the declaration of the parameter DLY 
with the value 3 and the parameter XDLY with the value 6. 



The parameters allow to define 'parameterized' modules, so that, for 
example, the size of a net or reg can be defined when a module is 
instantiated. These details are described in the following sections, 
about module declaration and module instantiation. 



Introduction to Verilog 

2.9 Module declaration 
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Verilog requires that any circuit or procedure be contained inside 
a module. There must be at least a top level module that might 
use other modules. Verilog treats modules as classes of an object- 
oriented language and, except for top level modules, the other mod- 
ules are used after their instantiation. Please notice that any module 
that is never instantiated is a top level one. 

module name [ (port_name [, •••] ) ] ; 

[ declarations ] 

[assign assignment^ 

[ primitive instantiation ] 

[module instantiation^ 

[initial block^ ■■■ 

[always block^ ■■■ 
endmodule 



The syntax above shows the declaration of a module: it is important 
to notice the position of the semicolon and the absence of it after the 
keyword endmodule. 

A module has usually ports, to communicate with the outside, except 
for the top level module that does not requires them. If ports are 
present, their name should be listed inside parentheses, but the listed 
ports must also be declared specifying their direction and their data 
type. 
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module my_module (a, b, c) ; 
input [7:0] a; 
output reg [7:0] b; 
inout [15:0] c; 

endmodule 

The above example declares the module my_module with three 
ports: a for input, b for output and c for input-output. The port b 
is declared of type reg, where the other ports are implicitly of type 
wire. 

Usually after the port direction and data type declarations, nets and 
variables might be declared, whereas parameter declarations might 
be better placed even before the port directions, like in the following 
example: 



module my_module 


(a, b, c) ; 


parameter N = 


8; 


parameter M = 


N * 2; 


input [N-1:0] 


a; 


output reg [N- 


1:0] b; 


inout [M-1:0] 


c; 


wire wl, w2 ; 




reg rl, r2, r3 


• 

i 


endmodule 





The parameter declaration might also appear in-line, before the port 
list inside parentheses, like the following examples, where two dif- 
ferent methods are used: 
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module my_module # (parameter N = 8, parameter M = 16) (a, b, c) ; 
input [N-1:0] a; 
output reg [N-1:0] b; 
inout [M-1:0] c; 
wire wl, w2 ; 
reg rl, r2, r3; 



endmodule 



module my_module # ( . 


N(8) , .M(16) ) (a, b, c) ; 


input [N-1:0] a; 




output reg [N-1:0] 


b; 


inout [M-1:0] c; 




wire wl, w2 ; 




reg rl, r2, r3; 




endmodule 





2.10 Module instance 

« 



To use a module it must be instantiated, creating a module instance. 
For example, the following code creates the module instance mymol 
from the module myjnodule defined in the previous section: 

my_module mymol (xl, x2 , x3); 

The module instance mymol of the example above, connects the 
nets or variables xl, x2 and x3 to the original ports «, b and c, 
following the same order. To be more clear the module instance con- 
nection might be specified, like the following example: 

my_module mymol (.a(xl), . b(x2), . c(x3)); 
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A module instance can change some parameter values. If the pa- 
rameters are specified in-line, inside the module declaration, like the 
last examples of the previous section, the module instance can be 
obtained as the following example shows: 

my_module #(16, 32) mymol (.a(xl), . b(x2), . c(x3)); 

On the above example, the instance mymol is created assigning to 
the first parameter the value 16 and to the second the value 32. To be 
sure that the parameters are selected correctly the following variation 
might be used: 

my_module #(.N(16), .M(32)) mymol (.a(xl), .b(x2), . c(x3)); 

If the parameters are not specified in-line in the module declaration, 
they can be modified after the module instance is created, with the 
def param instruction: 

my_module mymo2 (.a(xl), . b(x2), . c(x3)); 
def param mymo2.DLY = 7; 

The above example shows the instantiation of the module 
my_module and then, to the parameter DLY of the newly created 
instance is assigned the value 7. 

2. 1 1 Fully qualified path names 

When the modules are designed properly, the only way to communi- 
cate with them is through ports. If, for some reason, it is necessary to 
access directly to an internal net or variable of an instantiated mod- 
ule, it is possible to use a fully qualified path name. In fact, this 
approach might be appropriate for debugging purposes. 



Introduction to Verilog 



75 



module main; 

mymo3 myl (...) ; 
endmodule 



module mymo3 (•••) ; 

mymo4 myl (...) ; 
endmodule 



module mymo4 (...) ; 

reg rl; 
endmodule 



The above example shows the declaration of the top level module 
main , where an instance of the module mymo3 is created with the 
name myl . Then, the module mymo3 contains the creation of an in- 
stance of the module mymo4 with the name myl (again). The mod- 
ule mymo4 contains the declaration of a reg type variable with the 
name rl. To specify the variable rl of the module mymo4 when 
instantiated in the described way, the following full path might be 
used: 



ma i n . my 1 . my 1 . r 1 
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2.12 Primitives 

The Verilog language has already available some modules describing 
the common logical functions and circuits: these modules are called 
primitives. There are gate primitives that simulate a complete logic 
gate, and switch primitives that simulate the internal component of 
an electronic gate. 

and myandl (y, a, b) ; 

The above example shows the creation of the instance myandl that 
is a logic AND, receiving input from the nets or registers a and b, 
driving output to the y connection. The instance creation might also 
contain a delay, for simulation purposes: 



and # (5) 


myandl 


(y / 


a, b) ; 


and #(5,7) 


myand2 


(z, 


c, d) ; 



As it can be understood, the delay is specified as a parameter value: 
if only one parameter is specified the delay is for rising and falling 
edges, otherwise the first value is the delay after the rising edge and 
the second for the falling one. 



Gate primitives have in common the first gate argument being the 
output, while the others being the inputs, which usually can be one 
or more than one. For example, a logic AND with five inputs might 
be instantiated as shown by the following example: 

and myand3 (y, a, b, c, d, e) ; 

The Verilog primitives are single bit, but the instantiation can be 
requested for an array of the selected primitive. For example: 
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and myand4[7:0] (y, a, b) ; 

In that case, the array instance myand4 is created, made of eight and 
primitives in parallel. 



Table 2.43. Gate primitives. 



Primitive 


Ports 


and {output, input \ , input] . ) 

\ Mr * Mr I ' Mr ' 




o r ( output , input X , input 1 ... ) 

\ Mr * Mr I ' Mr 




xo r ( output , input X , input 1 ... ) 

L J 


Logic AND, OR, XOR, 


n a n d ( output , input [ , input ] . .. ) 


NAND, NOR and NXOR. 


nor ( output , input \ , input 1 . . . ) 




n x o r ( output , input [ , input ] . .. ) 




bu f ( output , input ) 
not ( output , input ) 


Buffer and inverter. 
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Primitive 


Ports 


bufifO {output, input, control) 
bufifl {output, input, control) 
not if 0 {output, input, control) 
not if 1 {output, input, control) 


Tri- state buffers and tri- 
state inverters. 


pull up {output) 
pulldown {output) 


Output equal to logic 1 or 
pnnal to looio 0 



Figure 2.44. Tri- state buffer and inverter primitives. 

bufifl ^ bufifO ^ notifl ^ notifO 





« 



There are occasions when primitives can be instantiated without as- 
signing a name to the instances, because it is not worth knowing that 
name. In that case the instantiations look like a function call, but they 
are not functions and can not be used inside expressions. 

2.13 Expressions 

The Verilog expressions are similar to those of the C language, even 
for the operator precedence and the use of parentheses to force eval- 
uation order. When the bit sizes of operands do not match, then the 
bit size of the largest value is used and every operand is extended to 
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that size before the expression is evaluated. 

Table 2.45. Verilog expression operators, grouped by precedence, 
starting from the highest priority, ending with the lowest one. 



Operator 


Description 


{a, b[, c]...} 


Concatenation - concatenates the bits of 
two or more data objects (nets or regis- 
ters) or expressions returning a data object. 
Please notice that a is located at the least 
significant position. 


{n{a}} 


Replication - concatenates n times a. The 
value n must be a constant. 



Operator 


Description 


la 


Logic NOT - it returns 0 if a is not equal to zero, 1 if a 
is equal to zero. 




1 \ romnlpmpnt of ci 

i O vUlllL/lvlllvlll ul If- • 


-a 


2's complement of a. 


ka 


Reduction AND - if all the bits of a are set to 1, then 
returns 1, otherwise returns 0. 


I a 


Reduction OR - if all the bits of a are cleared to 0, then 
returns 0, otherwise returns 1. 


A « 


Reduction XOR - if there is an odd quantity of bits set 
to one, then returns 1, otherwise returns 0. 


~&« 


Reduction NAND - if all the bits of a are cleared to 0, 
then returns 1, otherwise returns 0. 


~ a 


Reduction NOR - if all the bits of a are set to 1, then 
returns 0, otherwise returns 1. 
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Operator 


Description 




JVCLlUdlUll IN AVJJ\ — 11 L11C1C 15 all ULILI L[Ualllliy Ul U1LJ) J)CL 

to one, then returns 0, otherwise returns 1 . 




Operator 


Description 


a*b 


Multiplication - returns the product of a and b . 


a/b 


Division - returns the quotient of a and b . 


a%b 


Remainder, modulo - returns the remainder of alb. 




Operator 


Description 


a+b 


Addition - returns the sum of a and b . 


a-b 


Subtraction - returns the difference of a and b . 




Operator 


Description 


a»b 


Logical right shift - returns the value of a shifted right 
b times. 


a«b 


Logical left shift - returns the value of a shifted left b 
times. 


a»>b 


Arithmetic right shift - returns the value of a shifted 
right b times, arithmetically. 


a«<b 


Arithmetic left shift - returns the value of a shifted left 
b times, arithmetically. 
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Operator 


Description 


a>b 


oreaier inen — reiurns 1 11 a is greater inan 0 , oinerwise 
returns 0. 


a<b 


i^ess men — reiurns 1 11 u is less man 0 , oinerwise reiurns 
0. 


a>=b 


f~iTP£itpr tViPn or pmifil rptiirnc. 1 if /i ic crrpatpr than nr 

equal to b, otherwise returns 0. 


a<=b 


L(CJ)i3 men ui equal — iciuiiio i 11 u lb icbb Liiaii ui equal 

to b, otherwise returns 0. 




Operator 


Description 


a==b 


Equality - returns 1 if a and b are equal and 0 if they 
are not. Returns unknown (x) if any bit inside a or b are 
unknown or floating (z). 


al=b 


Inequality - returns 0 if a and b are equal and 1 if they 
are not. Returns unknown (x) if any bit inside a or b are 
unknown or floating (z). 


a===b 


Case equality - returns 1 if a and b are exactly the same, 
included unknown and floating bits, otherwise it returns 
0. 


al==b 


Case inequality - returns 0 if a and b are exactly the 
same, included unknown and floating bits, otherwise it 
returns 1. 




Operator 


Description 


a&b 


Bitwise AND - returns a AND b, bit by bit. 


a~&b 


Bitwise NAND - returns (a AND b), bit by bit. 
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Operator 


Description 


a^b 


Bitwise XOR - returns a XOR b, bit by bit. 


a~*b 


Bitwise NXOR - returns (a XOR b\ bit by bit. 




Operator 


Description 


a | b 


Bitwise OR - returns a OR b, bit by bit. 


«~ I b 


Bitwise NOR - returns (a OR b), bit by bit. 




Operator 


Description 


aScScb 


Logical AND - returns 1 if a and b have both a value 
different from zero, otherwise it returns zero. If there 
are unknown or floating bits, it might be impossible to 
determine the result: in that case the result is unknown 
as well. 




Operator 


Description 


a | | b 


Logical OR - returns 1 if either a or b contains a value 
different from zero, otherwise it returns zero. If there 
are unknown or floating bits, it might be impossible to 
determine the result: in that case the result is unknown 
as well. 




Operator 


Description 


alb : c 


Conditional operator - returns b if a is different from 
zero, returns c if a is equal to 0; if a is unknown or 
floating, the result is the same as b A c (bitwise b XOR 
c). 
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2.14 Vector and array addressing 

A multi-bit net or variable (vector) can be addressed globally — as 
usual — or partially. To address a single bit the following syntax is 
used: 



name [bit] 



For example, the variable rl is declared having an 8-bit size, like 
this: 

reg [7:0] r 1 ; 

To access the third bit (rl 2 ) the notation rl [2] might be used. The 
index that represents the selected bit might be a constant or an ex- 
pression with variables or constants (care must be taken to avoid to 
select a bit position that does not exists). Also a range might be se- 
lected with the following syntax: 



name [ msb : Isb ] 



For example, to select the bit-range rl 5 2 the notation rl[5:2] 
should be used. The values for msb and Isb must be constant, or 
constant expressions. It is possible to use a variable index to select a 
bit range, with the following syntax: 



name [lsb+: size ] 



For example, as above, to select the bit-range rl 5 2 the notation 
rl [2+:4] could be used, but this time, the value for Isb can be 
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an expression with variables, whereas the size must be constant (or 
a constant expression). 

To access an array element, the notation used is just the same as the 
bit selection for vectored nets or variables: 



name [element] 



For example, there might be a static memory of 256 bytes, defined 
like this: 

reg [7:0] ml [255:0], • 

To access the byte at address 123 the notation ml [123] might be 
used. Ranges of array elements are not available, but the bits inside 
a selected element are reachable, the same way as explained above. 
For example, to select the bit ml [123] 3 , the notation ml [123] [3] 
might be used. 

2.15 Strings 

Strings are numbers for Verilog, represented as bit vectors, where 
each character is placed in a different bit octet. The following exam- 
ple declares a reg variable big enough to hold the string "Hello!": 
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reg [ 8*6-1 : 0 ] str; 
begin 

str = "Hello ! " ; 
end 



When the variable str is assigned, it contains exactly the value 
48656C6C6F21i 6 . If the receiving variable is bigger than the re- 
quired space, it is padded just like a numeric value, on the left! 

reg [ 8*8-1 : 0] str; 
begin 

str = "Hello ! " ; 
end 



In the above example, the variable str is assigned and then it contains 
the value 000048656C6C6F21i 6 . The same way, assigning an empty 
string to a variable is just the same as assigning 0. 

2.16 Functions 

« 

Verilog includes the ability to define functions in a similar way to 
the C language. There are two alternative syntaxes: 
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function [automatic^ [range _or_type~^ function _name ; 
input [size] input _port ; 



begin 

statement ; 

function _name = value ; 

end 



function [ automatic ] [ range _or_type ] 

function _name (input [size] input _port[, •••]); 

begin 

statement ; 

function juame = value ; 

end 



Verilog functions should be used in expressions, as they return a 
value. The value returned by a function is of the type specified by 
the range _or_type, which is a range in the form of [msb : Isb] or a 
variable type with implicit range (like integer). The Verilog func- 
tions do not have a 'return' statement, instead they must assign a 
value to a variable with the same name as the function, at the end 
of it (like the syntaxes above show). The Verilog functions can have 
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only input ports as arguments. 

Normal Verilog functions are implicitly 'static', which means that 
the local variables are unique and shared with all concurrent calls: 
if two threads call the same function, it is difficult to predict the 
result. To make functions work like in C, where local variables are 
implicitly 'automatic' (because they are created inside a stack), the 
keyword automatic must be added to the function declaration. The 
automatic keyword means that each function call creates a private 
instance of the whole function. 

Figure 2.50. Full adder. 

a 

V 



A> 



B > 





> S = A © B © Ci 



Co = A-B +((AeB) • Ci) 



The above figure shows the common circuit of a full adder, where for 
each output the logic expression is reported. The following functions 
reproduce the same calculations: 



function S (input A, input B, input Ci) ; 
begin 

S = A A B A Ci; 

end 
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function 


Co (input 


A, input B, input Ci) ; 


begin 






Co = 


A&B + ( (A 


A B) & Ci) ; 


end 







Functions are used as a way to simplify expressions, through a se- 
quential process that can not contain explicit delays. 

2.17 Netlist modules: combinational circuits 

« 



A netlist module is made of components connected only with nets, 
without variables. Assignments inside this kind of modules are 
called continuous, because they just update continuously and can 
be defined when declaring the net or separately with the assign 
statement. The following examples show two alternative ways for 
defining a continuous assignment to the net wl : 



wire wl = 


a + b; 




wire wl; 
assign wl 


= a + b; 



The following figure shows a full adder netlist module that is to be 
written in Verilog code: all the connections and gates are named. 
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Figure 2.55. Full adder. 



Ci 

V 



ADD 



A> 



B > 



gl 



wl 



g3 



w3 



g4 



w4 



g2 



g5 




Co 



To build the above example in Verilog, as a netlist module, can be 
used primitives or assignments, in various ways. The following code 
example shows the use of primitive instantiation without assigning a 
particular name to the gates that they represent: 
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module ADD 


(S, 


Co, A, B, Ci); 


output S 


, Co 


; 


input A, 


B, 


Ci; 


wire wl, 


w3 , 


w4; 


xor (wl, 


A, 


B) ; 


xor (S, 


wl , 


Ci) ; 


and (w3, 


wl , 


Ci) ; 


and (w4, 


A, 


B) ; 


or (Co, 


w3 , 


w4) ; 


endmodule 







The primitive instances can be declared with a name: 



module ADD (S, Co, A, B, Ci) ; 

output S, Co; 

input A, B, Ci; 

wire wl, w3, w4; 

xor gl (wl, A, B) ; 

xor g2 (S, wl , Ci) ; 

and g3 (w3, wl, Ci) ; 

and g4 (w4, A, B) ; 

or g5 (Co, w3, w4) ; 
endmodule 



Instead of the primitives, a continuous assignment can be used: 
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module ADD 


(S, Co, 


A, B, Ci); 


output S, 


Co; 




input A, 


B, Ci; 




wire wl, 


w3, w4 ; 




assign wl 


= A A 


B; 


assign S 


= wl A 


Ci; 


assign w3 


= wl 6 


i Ci; 


assign w4 


= A & 


B; 


assign Co 


= w3 


w4; 


endmodule 







The continuous assignment can be defined with the wire and port 
declarations: 



module ADD (S, Co, A, B, Ci) ; 

output S = wl A Ci; 

output Co = w3 | w4; 

input A, B, Ci; 

wire wl = A A B; 

wire w3 = wl & Ci; 

wire w4 = A & B; 
endmodule 



Even functions might be used: 



module ADD (S, Co, A, B, 


Ci) ; 


output S, Co; 




input A, B, Ci; 




function sum (input A, 


input B, input Ci) ; 


begin 




S = A A B A Ci; 




end 
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function carry (input A, input B, input Ci) ; 
begin 

Co = A & B + ( (A A B) & Ci) ; 
end 

assign S = sum (A, B, Ci) ; 
assign Co = carry (A, B, Ci) ; 

endmodule 



module ADD (S, Co, A, B, Ci) ; 
output S = sum (A, B, Ci) ; 
output Co = carry (A, B, Ci) ; 

input A, B, Ci; 

function sum (input A, input B, input Ci) ; 

begin 

s _ A a B a ci; 

end 

function carry (input A, input B, input Ci) ; 
begin 

Co = A & B + ( (A A B) & Ci) ; 
end 

endmodule 



The same examples can be made adding delays: 
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module ADD 


(S, 


Co, A, B, Ci); 


output S 


, Co; 




input A, 


B, Ci; 


wire wl, 


w3 , 


w4; 


xor #(8) 


(wl, 


A, B); 


xor #(8) 


(S, 


wl , Ci) ; 


and #(6) 


(w3, 


w 1 , C i ) ; 


and #(6) 


(w4, 


A, B); 


or #(6) 


(Co, 


w3 , w4 ) ; 


endmodule 







module ADD 


(S, 


Co, 


A, 


B, Ci); 


output S 


, Co 


• 

r 






input A, 


B, 


Ci; 






wire wl, 


w3 , 


w4; 






xor #(8) 


gi 


(wl, 


A, 


B) ; 


xor #(8) 


g2 


(S, 


wl , 


Ci) ; 


and #(6) 


g3 


(w3, 


wl , 


Ci) ; 


and #(6) 


g4 


(w4, 


A, 


B) ; 


or #(6) 


g5 (Co, 


w3 , 


w4) ; 


endmodule 
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module ADD (S, Co, A, B, Ci) ; 

output S, Co; 

input A, B, Ci; 

wire wl, w3, w4; 

assign #(8) wl = A A B; 

assign #(8) S = wl A Ci; 

assign #(6) w3 = wl & Ci; 

assign #(6) w4 = A & B; 

assign #(6) Co = w3 | w4; 
endmodule 



module ADD 


(S, 


Co, 


A, B, Ci); 


output S 


= #8 wl 


A Ci; 


output Co 




#6 w3 


1 w4; 


input A, 


B, 


Ci; 




wire wl = 


#6 


A A 


B; 


wire w3 = 


#6 


wl & 


Ci; 


wire w4 = 


#6 


A & 


B; 


endmodule 









module ADD (S, Co, A, B, 


Ci) ; 




output S, Co; 






input A, B, Ci; 






function sum (input A, 


input B, 


input Ci) ; 


begin 






S = A A B A Ci; 






end 






function carry (input 


A, input 


B, input Ci) ; 


begin 






Co = A & B + ( (A A 


B) & Ci) 


• 

i 
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end 




assign #16 


S = sum (A, B, Ci) ; 


assign #14 


Co = carry (A, B, Ci) ; 


endmodule 





module ADD (S, Co, A, B, Ci) ; 

output S = #16 sum (A, B, Ci) ; 
output Co = #14 carry (A, B, Ci) ; 
input A, B, Ci; 

function sum (input A, input B, input Ci); 
begin 

S = A A B A Ci; 
end 

function carry (input A, input B, input Ci); 
begin 

Co = A & B + ( (A A B) & Ci) ; 
end 
endmodule 



2.18 Behavioural modules 

The module description can contain two types of code block: 
initial or always. These blocks of code describe a sequence of 
operations, like it happens in the C language, but each block declared 
inside the module corresponds to a different thread. The initial 
blocks are executed only once, whereas the always blocks are exe- 
cuted repeatedly in a never ending loop. Inside a module there might 
be any number of initial and always blocks. The sequential code 
that is contained inside these blocks is delimited by the keywords 
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begin and end, because the curly brackets are used as operators. 



module ADD (S, Co, A, 


B, Ci); 


output reg S, Co; 




input A, B, Ci; 




always 




begin 




S=A+B+Ci; 




Co = ~ (A A B A 


Ci) ; 


end 




endmodule 





The above code transforms the netlist examples of the previous sec- 
tion in the form of a behavioural module. In this case, it is first cal- 
culated the sum of the inputs and then the carry-out, but as there 
are no delays, it all happens simultaneously. Please notice that the 
output ports are now changed into a reg type, because inside the 
behavioural blocks the assignments need to modify a reg type des- 
tination. 



Verilog allows to describe the hardware at different abstraction 
levels, but not all the behavioural code can always be synthesized 
into a real hardware. 



2.19 Procedural assignments 

The assignments inside the procedural blocks (behavioural) are 
known as procedural assignments, as they differ from the contin- 
uous assignments used outside blocks. The procedural assignments 
require to have a reg type variable on the left side of the assignment, 
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whereas the continuous assignments require a net type destination. 

There are two types of procedural assignments: blocking and non- 
blocking. Blocking assignments appear and work like the C lan- 
guage assignments. The adjective 'blocking' means that the assign- 
ment must be done before the next sentences are executed. 

Inside the following example — which already appeared in a previ- 
ous section — there are two blocking assignments: they just mean 
that first the sum is assigned to the output variable S and then that 
the carry-out is assigned to the output variable Co . 



module ADD (S, Co, A, 


B, Ci); 


output reg S, Co; 




input A, B, Ci; 




always 




begin 




S = A + B + Ci; 




Co = ~ (A A B A 


Ci); 


end 




endmodule 





Non-blocking assignments are similar to the blocking ones, but they 
are executed in a separate thread. The following example does the 
same work as the previous one, but the assignments just happens 
simultaneously: 
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module ADD (S, Co, A, 


B, Ci); 


output reg S, Co; 




input A, B, Ci; 




always 




begin 




S <= A + B + Ci; 




Co <= ~ (A A B A 


Ci) ; 


end 




endmodule 





Assignments can be delayed, using the following syntax, for block- 
ing and non-blocking assignments: 



dst = \% delay] expression 



dst <= delay] expression 

The following example is a modified version of the blocking assign- 
ment one, shown above, adding a 14 time units delay before the sum 
is calculated: 
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module ADD (S, Co, A, B, Ci) ; 
output reg S, Co; 
input A, B, Ci; 
always 
begin 

S = #14 A + B + Ci; 
Co = ~ (A A B A Ci) ; 
end 
endmodule 

In the above example, the value for Co is calculated only after the 
assignment for 5, so the output variables are updated at the same 
time, with the same delay. The following example uses non-blocking 
assignments and it has a different behaviour, because the two assign- 
ments are independent each other: 

module ADD (S, Co, A, B, Ci) ; 
output reg S, Co; 
input A, B, Ci; 
always 
begin 

S <= #14 A + B + Ci; 
Co <= #12 ~ (A A B A Ci) ; 
end 
endmodule 

In the above example, the second assignment does not wait for the 
first one and the delay is less than the first one. This means that the 
Co output variable is updated before the S variable. 
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2.20 Blocking delays 

The execution of each statement inside a procedural block can be 
delayed, placing a delay number before the statement itself: 



# delay [ procedural _statement~^ ; 

Please notice that the delayed statement is optional, so that the delay 
can be alone, like an autonomous statement. The following exam- 
ple shows a variation of the delayed blocking assignments, with the 
delay specified before the assignment statement: 



module ADD (S, Co, A, 


B, Ci); 


output reg S, Co; 




input A, B, Ci; 




always 




begin 




#14 S = A + B 


+ Ci; 


Co = ~ (A A B A 


Ci) ; 


end 




endmodule 





Please notice that 



#14 S = A + B + Ci; 

is just the same as 
#14^ 

S = A + B + Ci; 

When non-blocking assignments are used, care must be taken using 
the blocking assignments; for example, 
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S <= #14 A + B + Ci; 

Co <= #12 ~ (A A B A Ci) ; 

is much different from the following: 

#14 S <= A + B + Ci; 
#12 Co <= ~ (A A B A Ci) ; 

The last example above just means: wait 14 time units, then assign 
the sum to S (without waiting), then wait another 12 time units, then 
assign the carry-out to Co (without waiting). In fact, the carry-out is 
assigned after 26 time units. 

2.21 Wait for a level event 

Inside a procedural block it is possible to wait for a value being 
available in a net or variable data type: this is called level event. The 
wait statement is used to test a level event: 



wait ( expression ) [ statement ] 



wait ( expression ) 

[begin 

statement 

end] 



The following example should implement a D latch: 
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module latch_d (Q, _Q, D, Clk) ; 
input D, Clk; 
output reg Q, _Q; 
always 
begin 

wait (Clk == 1) 
begin 

#10 Q = D; 
_Q = ~D; 
end 

end 
endmodule 

The above example just waits for the Clk input to be 1, then it up- 
dates the outputs (with a 10 time units delay); if the Clk is already at 
the 1 level, the outputs keep updating. The statement (or the group 
of statements) that follows the wait condition, might be omitted, if 
there is only the need to wait for the level event: 



module latch_d (Q, 


_Q, D, Clk); 


input D, Clk; 




output reg Q, _Q; 




always 




begin 




wait (Clk == 


i) ; 


#10 Q = D; 




_Q = ~D; 




end 




endmodule 
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2.22 Wait for an event expressions 

« 

The following syntax is used to wait until an event condition is true 
(triggered). Please notice that the event condition is different from 
the level condition used by the wait statement. 

@ {event ^expression) [statement^ 



@ ( event jexpression ) 

[begin 

statement 

end] 



The event expression is different from common expressions, because 
it is meant to be true when a specified event occurs. 

Table 2.80. Basic event expressions. 



Expression 


Description 


a 


When the a net or variable changes value, 
an event occurs. 


posedge a 


When the a net or variable changes value 
becoming 1 (positive edge). 


negedge a 


When the a net or variable changes value 
becoming 0 (negative edge). 


el or e2 


When any of the two events {el or e2) be- 
comes true. 



104 Introduction to Verilog 

The following example should implement a D flip-flop triggered by 
a positive edge clock signal. Please notice that the always statement 
is followed by the @ statement, which owns the begin-end block. 



module ff_d (Q, _Q, 


D, Clk); 


input D, Clk; 




output reg Q, _Q; 




always @ (posedge 


Clk) 


begin 




Q = #10 D; 




_Q = ~Q; 




end 




endmodule 





The same thing could also be done using the @ statement just to wait 
time, blocking the procedure flow until the event occurs: 



module f f_d (Q, _Q, D, Clk) ; 
input D, Clk; 
output reg Q, _Q; 
always 
begin 

@ (posedge Clk) ; 
Q = #10 D; 

_Q = ~Q; 
end 
endmodule 
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2.23 Event variables 

Event variables are only able to store the triggering of an event, with 
the -> operator: 

begin 

-> e; 
end 

An event can be risen inside an event variable only in a procedural 
context, as the above example might suggest. An event variable can 
be used as an event expression or subexpression: 

@ (e) -; 

2.24 System tasks and functions 

Verilog provides some special functions for the simulation purpose, 
to be used inside procedural blocks, characterized by the $ (dollar) 
prefix, useful mainly for debugging. The most important of these 
functions is $display () , which allows to show some text (to the 
simulation output console) in a similar way to print f () for the C 
language. 

module 

reg [7:0] x, y, z ; 

initial 
begin 
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w = 8'h41; 


// A 


x = 8'hab; 




y = 8'hcd; 




z = 8'hef; 




$display ("Hello: 


w=%c, x=%d, y=0x%h, z=%b", 


w, x, y, 


z) ; 


end 




endmodule 





The above example should display the following text on the simula- 
tion console: 

Hello: w=A, x=171, y=0xcd, z=11101111 



Table 2.87. Common system functions. 



System function 


Description 


$display (string \, x~\ ■■■) 


It displays on the simulation con- 
sole the string, expanding the 
metavariables %... with the value 
provided by the nets and variables 
that form the following arguments. 
It works like the print f () func- 
tion for the C language, except that 
it is displayed with a new-line at 
the end. 
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System function 


Description 


$monitor (string, j] •••) 


Continuous monitoring: whenever 
one of the arguments following the 
string changes value, the string is 
displayed on the simulation con- 
sole, expanding the metavariables 
% .. with the value provided by 
the nets and variables that form 
the following arguments. It works 
like the print f ( ) function for the 
C language, except that it is dis- 
played with a new-line at the end. 
Generally, this function is used 
only on initial diocks, because 
once requested, it remains active. 


$t ime 


It returns a value corresponding 
to the current time, which is ex- 
pressed in the unit specified with 
the 'timescale directive. The 
time value can be assigned to a 
time variable type and can be 
shown inside $ display ( ) or sim- 
ilar functions with the metavari- 
able %t. 


$f inish 


It stops the simulation. 
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Inside a procedural block, many of the common C language con- 
trol structures can be used. However it must be remembered that the 
group of statements is made in Verilog language with the keywords 
begin-end, because the curly brackets are used as operators. 

Syntax 2.88. Conditional statement: if. 



i f ( condition ) 
statement ; 

[else 

statement} ] 



Syntax 2.89. Selection statement: case. 



case 



casez 



c a s e x ( expression ) 



case jexpression : statement ; 

[default : statement; ] 

endcase 



The selection statement requires some explanations. The first thing 
that should be noticed is that the value in parentheses — that should 
be compared with the case list below — is an expression, which is 
evaluated at run time. The same is for the case conditions appearing 
below, which are expressions evaluated at run time. Then, after each 
case condition there is only one statement and there is no 'break' 
keyword (the single statement might be expanded with the keywords 
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begin-end). 

There are three types of case statements: case matches the expres- 
sion in parentheses exactly, even the floating and unknown values 
(z and x) should be the same; casez considers that floating values 
are don't-care values (a don't-care bit value always match); casex 
considers that floating and unknown are don't-care values. 

Syntax 2.90. Loop statement: while. 



wh i 1 e ( condition ) 
statement ; 



Syntax 2.91. Loop statement: for. 



for {initialization; condition; statement) 
statement ; 

The following example shows a typical use of the for loop; please 
notice that the i variable is declared as integer type: 

module 

reg [7:0] m[1023:0]; 
integer i; 

always 
begin 

for (i = 0; i < 1024; i = i + 1) 
begin 
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end 

end 
endmodule 



Syntax 2.93. Loop statement: repeat. 



repeat (count) 
statement ; 

The repeat loop executes the statement (or the group of statements) 
a fixed number of time, as defined by the count expression. If the 
count expression has an invalid value, it is treated as zero. 

Syntax 2.94. Loop statement: forever. 



forever 

statement ; 

The forever loop executes the statement (or the group of state- 
ments) indefinitely and the statements after the structure would never 
be executed. 

2.26 Thread control 

Every procedure inside an initial or always block has a different 
thread, but inside a procedure a group of threads that should be syn- 
chronized can be declared with a special block called fork- join. 
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fork 

statement ; 
statement ; 

join 

The statements inside the fork- join block are started simultane- 
ously, but before leaving the block it is ensured that all these state- 
ments have completed their work. 

If instead of a single statement a begin-end group is placed, the 
contained statements are executed sequentially in a single thread. 

1 Identifiers might also contain other escaped characters, but this pos- 
sibility should be avoided and it is not taken into account inside the 
chapter. 

2 Please notice that the syntax is simplified and it does not consider 
the signedness, because the chapter takes into account only the un- 
signed representation. 

3 The value 232i 0 is equal to 1 1 101000 2 , but allowing only seven bits, 
the value is truncated to 1 101000 2 that is equal to 104i 0 . 
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adder 173 full-adder 154 half-adder 154 half-subtractor 162 
increment 183 logic shift 146 logic unit 144 lookahead generator 
173 multiplexer 127 priority encoder 140 ripple-carry 154 rotation 
146 shift 146 subtraction 162 two's complement 189 



A combinational circuit, otherwise known as combinational net- 
work, is a system of logic gates conveniently connected together, 
organized with a set of input ports and a set of output ports, where 
the output logic values are directly and univocally defined by the in- 
put logic ones. The overall combinational circuit can be represented 
as a box with input and output ports, together with a truth table that 
describes the output values based on the input combinations. 

r 



input 



combinational 
circuit 



output 



The figure above shows a combinational circuit example with five 
input ports and three output ports, but the proportion between input 
and output ports depends on the function that should be performed 
by the circuit, or rather from the purpose that the circuit should sat- 
isfy. 
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Please notice that a combinational circuit is not influenced by the 
time variable and even by the power-on random variable; there- 
fore, inside these circuits, the propagation delay does not affect 
the result, because, after a certain delay from the input change, the 
output is updated as specified by the truth table. 



The simpler combinational circuits are those that have only one out- 
put port, which are better known as logic gates. 

Figure 3.2. Combinational circuits with a single output port. 
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To understand better the matter, it can be noticed that a circuit com- 
posed only by a single input port and a single output port can be 
made in four different ways, as evidenced by the following figures. 

Figure 3.3. Combinational circuit with one input and one output. 
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Figure 3.4. Truth table about four functions of a single variable. 



input 

A 

o 
l 



-<>■ 



types distinguished on the 
output values 



fo 


/l 


f 2 


/ 3 


0 


1 


0 


1 


0 


0 


1 


1 



1 



A 

A 




NOT A 




As it can be seen on the annotations inside the above figure, the cir- 
cuit corresponding to the// function is the inverter (NOT), whereas 
the one corresponding to the/2 function is the buffer (not-inverter). 

A combinational circuit with two input ports and a single output 
can have 16 alternative functions, as it can be seen in the follow- 
ing figures, where the functions corresponding to the common logic 
ports are evidenced. 
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Figure 3.5. Combinational circuit with two inputs and one output. 



2 input 
ports 





A 

A 

f 

B 

V J 







>- 


»~ 



one output 
port 



118 Combinational circuits 

Figure 3.6. Truth table about sixteen functions of two variables. 
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3.1 Decoder 



« 



The decoder is a combinational circuit that, for every input combina- 
tion, asserts only one output port. Precisely, for every input combi- 
nation there is only one output port to assert. Therefore, for n input 
ports there are 2 n output ports. Usually, this kind of combinational 
circuit has also an additional input control port that should be as- 
serted to enable the output. 

Figure 3.7. Block diagram of a decoder with four output ports 
(2-to-4). The two selection input ports are labeled as A 0 and A/ 
(address); the input control port is labeled as E (enable); the out- 
put ports are labeled from Y 0 to Y 3 . The drawing on the right is 
more compact and the selection input ports are grouped together. 
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Table 3.8. Truth table for a decoder with four output ports, from 
Y 0 to Y 3 \ two selection input ports, A 0 and Ai \ one enable input 
port E. 



E 


Ai 


A 0 


Y 3 


Y 2 


Yi 


Y 0 


0 


X 


X 


0 


0 


0 


0 


1 


0 


0 


0 


0 


0 


1 


1 


0 


1 


0 


0 


1 


0 


1 


1 


0 


0 


1 


0 


0 


1 


1 


1 


1 


0 


0 


0 



Figure 3.9. Two examples of implementation of a decoder with 
four output ports: the two selection ports are labeled A 0 and A/, 
the enable port is labeled E and the output ports are labeled from 
Y 0 to Y 3 . 
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Listing 3.10. Example with Verilog. 



module decoder_2_to_4 (Y, A, E) ; 
input [1:0] A; 
input E; 
output [3:0] Y; 
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// 




function [3 


:0] f2to4 (input [1:0] A, input E) ; 


if (E == 


1) 


begin 




case 


(A) 


0 : 


f2to4 = 4'b0001; 


1 : 


f2to4 = 4'b0010; 


2 : 


f2to4 = 4'b0100; 


3 : 


f2to4 = 4'bl000; 


endcase 


end 




else 




begin 




f 2to4 


= 4'b0000; 


end 




endf unction 




// 




assign #8 Y 


= f2to4 (A, E) ; 


endmodule 





Listing 3.11. Verilog gate level alternative code following the 
picture 3.9 on the left. 



module decoder_2_to_ 


.4 (Y r 


A, 


E) ; 


input [1:0] A; 








input E; 








output [3:0] Y; 








assign Y[0] = E & 


~A[1] 


& 


~A [ 0 ] ; 


assign Y[l] = E & 


~A[1] 


& 


A[0] ; 


assign Y[2] = E & 


A[l] 


& 


~A [ 0 ] ; 
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assign Y[3] = E & A[l] & A [ 0 ] ; 
endmodule 



Listing 3.12. Verilog gate level alternative code following the 
picture 3.9 on the right. 



module decoder_2_ 


to. 


_4 (Y, 


A, 


E) ; 


input [1:0] A; 










input E; 










output [3:0] Y; 










wire [1:0] _A; 










assign _A = ~A; 










assign Y[0] = E 


& 


_A[1] 


& 


_A[0] ; 


assign Y[l] = E 


& 


_A[1] 


& 


A[0] ; 


assign Y[2] = E 


& 


A[l] 


& 


_A[0] ; 


assign Y [ 3 ] = E 


& 


A[l] 


& 


A[0] ; 


endmodule 











3.2 Demultiplexer 

« 

The demultiplexer (demux), known also as data distributor, is a 
combinational circuit that works like a decoder with an additional 
input port switched to the selected output. 
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Figure 3.13. Block diagram of a demultiplexer with four output 
ports. The two selection input ports are labeled A 0 and A/, the 
data input corresponds to the variable D, the enable input is E, 
the output ports are labeled from Y 0 to Y 3 . The drawing on the 
right is more compact and the input selection ports are grouped 
together. 
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The difference between the decoder and the demultiplexer should be 
clear from the figure above: the Y n output port selected has the same 
value read at the D input (unless the enable port is negated). 

Table 3.14. Truth table for a demultiplexer with four output ports, 
from Y 0 to Y 3 ; two selection input ports, A 0 and A 7 ; a data input 
D \ an enable input E. 

E Aj A 0 D Y 3 Y 2 Yi Y 0 



0 


X 


X 
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0 


0 


0 


0 


1 


0 


0 


d 


0 


0 


0 
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Figure 3.15. Two examples of implementation of a demultiplexer 
with four output ports: the two selection ports are labeled A 0 and 
Aj, the data to be switched to the selected output is read from 
the input D, the enable port is labeled E and the output ports are 
labeled from Y 0 to Y 3 . 
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It should be noticed that D and work just like alternative enabling 
inputs, so the truth table might be simplified as it appears below. 

Table 3.16. Alternative way to represent the truth table of the 
demultiplexer with four outputs. Please notice that here the data 
and enable inputs are both at the beginning. 
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Listing 3.17. Example with Verilog. 

module demult iplexer_2_to_4 (Y, A, D, E) ; 
input [1:0] A; 
input D, E; 
output [3:0] Y; 
// 

function [3:0] f2to4 (input [1:0] A, input D, 

input E) ; 
if (E == 1 && D == 1) 
begin 

case (A) 



0 : 


f2to4 


= 4' 


bOOOl 


1 : 


f2to4 


= 4' 


bOOlO 


2 : 


f2to4 


= 4' 


bOlOO 


3 : 


f2to4 


= 4' 


blOOO 



endcase 
end 
else 
begin 

f2to4 = 4'b0000; 
end 
endf unction 
// 

assign #8 Y = f2to4 (A, D, E) ; 
endmodule 
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Listing 3.18. Verilog gate level alternative code following the 
picture 3.15 on the left. 



module demult iplexer_2 


_to_4 (Y, 


A, D, E); 


input [1:0] A; 






input E, D; 






output [3:0] Y; 






assign Y[0] = E & D 


& ~A[1] & 


~A [ 0 ] ; 


assign Y[l] = E & D 


& ~A[1] & 


A [ 0 ] ; 


assign Y[2] = E & D 


& A[l] & 


~A[0] ; 


assign Y[3] = E & D 


& A[l] & 


A[0] ; 


endmodule 







Listing 3.19. Verilog gate level alternative code following the 
picture 3.9 on the right. 



module demultiplexer 


_2 




to_4 (Y, 


A, D, E); 


input [1:0] A; 












input E, D; 












output [3:0] Y; 












wire [1:0] _A; 












assign _A = ~A; 












assign Y[0] = E 


& 


D 


& 


_A [ 1 ] & 


_A[0] ; 


assign Y [ 1 ] = E 


& 


D 


& 


_A [ 1 ] & 


A[0] ; 


assign Y[2] = E 


& 


D 


& 


A[l] & 


_A [ 0 ] ; 


assign Y[3] = E 


& 


D 


& 


A[l] & 


A [ 0 ] ; 


endmodule 













A demultiplexer can be obtained from a decoder (provided that it 
has the enable input port), likewise a demultiplexer can be reduced 
to work as a decoder. 
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Figure 3.20. On the left a decoder is adapted to work as a de- 
multiplexer; on the right a demultiplexer is adapted to work as a 
decoder. 
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Common demultiplexer integrated circuits are 74154, 74138, 74139 
and 74238 (see section uO.l). 

3.3 Multiplexer 

The multiplexer (mux), or data selector, is a combinational circuit 
that selects the value of a single input port and reproduces that value 
to the output port. The input port chosen depends on the value of 
a group of selection ports (or address ports). For n selection ports 
there can be 2" input ports. 



« 
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Figure 3.21. Block diagram of a multiplexer with four input 
ports. The two selection inputs are labeled A 0 and A/, the data 
input ports are labeled from D 0 to D 3 , the enable input is E, the 
output is Y. On the right it is shown a compact representation 
where the selection variables are joined together in a multiple 
line. 
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Table 3.22. Truth table for a multiplexer with four data inputs, 
from D 0 to D 3 \ two selection inputs, from A 0 to Ai\ an enable 
input, E\ one output, Y. 
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0 


1 


d 3 


di 


di 


d 0 


di 


1 


1 


0 


d 3 


di 


di 


d 0 


d2 


1 


1 


1 


d 3 


di 


di 


d 0 


d 3 



Y 



Combinational circuits 



129 



Figure 3.23. Two example of a multiplexer with four data inputs. 
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Listing 3.24. Example with Verilog. 



module multiplexer 


_l_of_4 (Y, A, 


D, E); 


input [1:0] A; 






input [3:0] D; 






input E; 






output Y; 






// 






function flof4 (input [1:0] A, 


input [3:0] D, 




input E) ; 




if (E == 1) 






begin 






case (A) 






0: flof4 


= D[0]; 




1: flof4 


= D[l]; 




2: flof4 


= D[2]; 




3: flof4 


= D[3]; 




endcase 






end 






else 
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begin 




flof4 = 


0; 


end 




endf unction 




// 




■ 11/—. t 

assign #8 Y = 


/ — — 1 i— n 1 —n i — » t — i V 

f lof 4 (A, D, E) ; 


endmodule 





Listing 3.25. Verilog gate level alternative code following the 
picture 3.23 on the left. 



module mult iplexer_ 


l_of_4 


(Y, 


A, D, 


E) ; 


input [1:0] A; 










input [3:0] D; 










input E; 










output Y; 










wire wO, wl, w2, 


w3 ; 








assign #4 wO = E 


& ~A[0] 


& 


~A[1] 


& D [ 0 ] ; 


assign #4 wl = E 


& A[0] 


& 


~A[1] 


& D [ 1 ] ; 


assign #4 w2 = E 


& ~A[0] 


& 


A[l] 


& D [2] ; 


assign #4 w3 = E 


& A[0] 


& 


A[l] 


& D [ 3 ] ; 


assign #4 Y = wO 


wl 


w2 


1 w3 ; 




endmodule 











Listing 3.26. Verilog gate level alternative code following the 
picture 3.23 on the right. 

module mult iplexer_l_of_4 (Y, A, D, E) ; 
input [1:0] A; 
input [3:0] D; 
input E; 
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output Y; 










wire [1:0] _A; 










wire wO, wl, w2, w3; 










assign _A = ~A; 










assign #4 wO = E & _A[0] 


& 


_A[1] 


& 


D [ 0 ] ; 


1 II /I ^1 i i i— s-\ -i 

assign #4 wl = E & A[0] 


& 


_A[1] 


& 


D [ 1 ] ; 


assign #4 w2 = E & _A[0] 


& 


A[l] 


& 


D [2] ; 


assign #4 w3 = E & A[0] 


& 


A[l] 


& 


D [3] ; 


assign #4 Y = wO [ wl | 


w2 


i ^ 

1 w3 ; 






endmodule 











Common multiplexer integrated circuits are 74150, 74151 and 
74157 (see section u0.2). 

3.4 Multiplexer and demultiplexer with parallel I/O 

Multiplexers and demultiplexers might be required to work on data 
composed of more than a single bit. In that case, many multiplexers 
or demultiplexers are required, but joining the selection and enabling 
ports. The following figures show a demultiplexer and a multiplexer 
in a detailed version (on the left) and in a compact version with some 
wires grouped together (on the right). 
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Figure 3.27. Demultiplexer with input and outputs composed of 
four value vectors. 
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Figure 3.28. Multiplexer with inputs and output composed of 
four value vectors. 

2 



D0,0 D0,1D0,2 D0,3 



4 
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4 
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4 
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4 



A0,A1 



2 



2 
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DO 7^ 
Dl^ 
D2 
D3 





YO Yl Y2 Y3 



4 



Listing 3.29. Quad 2-to-4 demultiplexer example in Verilog. 

module demult iplexer_2_to_4_x4 (YO, Yl, Y2, Y3, A, 

D, E); 

input [1:0] A; 
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input E; 












input [3:0] D; 












output [3:0] Y0 


, Yl, 


Y2, 


Y3; 






wire [1:0] _A; 












assign _A = ~A; 












assign #8 Y0 = 


(E & 


_A[1] 


& 


_A [ 0 ] ) ?D : 


0; 


assign #8 Yl = 


(E & 


_A[1] 


& 


A [ 0 ] ) ?D : 


0; 


assign #8 Y2 = 


(E & 


A[l] 


& 


_A [ 0 ] ) ?D : 


0; 


assign #8 Y3 = 


(E & 


A[l] 


& 


A [ 0 ] ) ?D : 


0; 


endmodule 













Listing 3.30. Quad l-of-4 multiplexer example in Verilog. 



module mult iplexer_l 


_of_4_x4 


(Y, A, DO, 
D3, E); 


Dl, D2, 


input [1:0] A; 








input [3:0] DO, Dl 


, D2, D3; 






input E; 








output [3:0] Y; 








wire [1:0] _A; 








wire [3:0] wO , wl , 


w2, w3; 






assign _A = ~A; 








assign #4 wO = (E 


& _A[0] & 


_A[1] ) ?D0 


:0; 


assign #4 wl = (E 


& A[0] & 


_A[1] ) ?D1 


:0; 


assign #4 w2 = (E 


& _A[0] & 


A[l] ) ?D2 


:0; 


assign #4 w3 = (E 


& A[0] & 


A[l] ) ?D3 


:0; 


assign #4 Y = wO 


wl w2 


1 w3; 




endmodule 
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3.5 Binary encoder 

A binary encoder is a combinational circuit having n output lines 
and 2 n input lines, where only an input line at a time can be asserted 
and the value obtained from the output reports the number of the 
asserted input line. The following examples show binary encoders 
with n equal to 1, 2 and 3. 

Table 3.31. Truth table for a binary encoder with two inputs and 
one output. 





Do 


Yo 


0 


1 


0 


1 


0 


1 



Figure 3.32. To obtain a binary encoder with two input lines it is 
enough to connect the second input line to the output. 

DO > 



D1 > >■ YO 

Table 3.33. Truth table for a binary encoder with four input and 
two output ports. 



D 3 


D 2 


Dt 


Do 


Yj 


Yo 


0 


0 


0 


1 


0 


0 


0 


0 


1 


0 


0 


1 


0 


1 


0 


0 


1 


0 


1 


0 


0 


0 


1 


1 
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Figure 3.34. Binary encoder with four input and two output ports. 
The first input line is not connected, because if it is asserted the 
output should be zero anyway. 

D0> 



D1 >■ 



D2>- 



D3>- 



-> YO 



> Y1 



Table 3.35. Truth table for a binary encoder with eight input and 
three output ports. 



D 7 


D 6 


D 5 


D 4 


D 3 


D 2 


D 1 


Do 


Yz 


Y, 


Yo 


0 


0 


0 


0 


0 


0 


0 


1 


0 


0 


0 


0 


0 


0 


0 


0 


0 


1 


0 


0 


0 


1 


0 


0 


0 


0 


0 


1 


0 


0 


0 


1 


0 


0 


0 


0 


0 


1 


0 


0 


0 


0 


1 


1 


0 


0 


0 


1 


0 


0 


0 


0 


1 


0 


0 


0 


0 


1 


0 


0 


0 


0 


0 


1 


0 


1 


0 


1 


0 


0 


0 


0 


0 


0 


1 


1 


0 


1 


0 


0 


0 


0 


0 


0 


0 


1 


1 


1 
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Figure 3.36. Binary encoder with eight input and three output 
ports. 

D0> 



D1 > 



D2> 



D3> 



D4> 



D5> 



D6> 



■e> YO 



^ Y1 



> Y2 



D7> * * 1 

Listing 3.37. Binary encoder example, with eight input and three 
output ports, written in Verilog. This solution is different from 
the picture 3.36, because if the input value is not as expected, the 
encoded output is zero. 

module binary_encoder (Y, D) ; 
input [7:0] D; 
output [2:0] Y; 
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// 

function [2:0] be8to3 (input [7:0] D) ; 



case 


(D) 




1 


: be8to3 


= 0 


2 


: be8to3 


= 1 


4 


: be8to3 


= 2 


8 


: be8to3 


= 3 


16 


: be8to3 


= 4 


32 


: be8to3 


= 5 


64 


: be8to3 


= 6 


128 


: be8to3 


= 7 



default: be8to3 = 0; 
endcase 
endf unction 
// 

assign #6 Y = be8to3 (D) ; 
endmodule 



Listing 3.38. Binary encoder example describing the gates in pic- 
ture 3.36. 



module binary_encoder (Y, D) ; 
input [7:0] D; 



output 


[2 


:0] Y; 










assign 


#6 


Y[0] = 


D[l] 


1 D[3] 


1 D[5] 


1 D[7]; 


assign 


#6 


Y[l] = 


D[2] 


1 D[3] 


1 D[6] 


1 D[7]; 


assign 


#6 


Y[2] = 


D[4] 


1 D[5] 


1 D[6] 


1 D[7]; 



endmodule 
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3.6 Priority encoder 



« 



The priority encoder is a binary encoder that allows the assertion of 
every input line, giving on the output the number corresponding to 
the asserted input having priority above all the others. In that case it 
is also allowed to have no input line asserted, thus there might be an 
additional output port that is asserted only when there is at least an 
input line asserted. 

Table 3.39. Truth table for a priority encoder with four input 
ports. The asserted input with the lower index has priority above 
the others, therefore the letter 'X' is used to show an unspecified 
value for the other lower priority input ports. The output port GS 
(group select) is asserted when at least an input line is asserted. 



D 3 D 2 Do 



GS F 7 Y 0 



0 0 0 0 
XXXI 
X X 1 0 
X 1 0 0 
10 0 0 



0 XX 

1 0 0 
1 0 1 
1 1 0 

1 1 1 
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Figure 3.40. Priority encoder with four input ports. 

priority 

DO 

encoding 



D1> 



D2> 



D3> 



q \ 



> 



> Y1 



■e> GS 



Figure 3.41. A different way to obtain the same priority encoder 
with four input ports. 



D0>" 



D1>" 



D2>" 



D3>" 
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Listing 3.42. Example with Verilog. 



module priority_ 


encoder 


_4_to_2 


(Y, 


GS, D); 


input [3: 


0] D; 










output [1 


: 0] Y 


• 

F 








output GS; 










// 












function 


[1:0] 


f 4to2 


( input 


[3:0] 


D) ; 


if (D & 


1) 










f 4to2 


= 0; 










else if 


(D & 


2) 








f 4to2 


= i; 










else if 


(D & 


4) 








f 4to2 


= 2; 










else if 


(D & 


8) 








f 4to2 


= 3; 










else 












f 4to2 


= 0; 










endf unction 










// 












assign #8 


Y = 


f 4to2 


(D) ; 






assign #8 


GS = 


D[0] | 


D[l] 1 


D[2] 


1 D[3]; 


endmodule 













Listing 3.43. Verilog gate level alternative code following the 
picture 3.40. 

module priority_encoder_4_to_2 (Y, GS, D) ; 
input [3:0] D; 
output [1:0] Y; 
output GS; 
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wire wO, 


wl, w2; 










assign #4 


wO = 


~D [0] 


& D [ 1 ] ; 








assign #4 


wl = 


~D [0] 


& ~D[1] 


& 


D [ 2 ] ; 




' II A 

assign #4 


w2 


~D [0] 


& ~D [ 1 ] 


& 


~D [ 2 ] 


& D [ 3 ] ; 


' II A 

assign #4 




= wO 


i io 

| w2 ; 








assign #4 


- 


= wl 


w2 ; 








assign #8 


GS = 


D[0] 


D [1] I 


D 


[2] | 


D [ 3 ] ; 


endmodule 















Listing 3.44. Verilog gate level alternative code following the 
picture 3.41. 



module priority_encoder 


_4_to_2 


( Y, GS, 


D) ; 


input [3:0] D; 








output [1:0] Y; 








output GS; 








wire [2:0] _D; 








wire wO, wl, w2; 








assign _D = ~D; 








assign #4 wO = _D [0] 


& D[l]; 






assign #4 wl = _D [ 0] 


& _D[1] 


& D[2]; 




assign #4 w2 = _D [0] 


& _D[1] 


& _D[2] 


& D[3]; 


assign #4 Y [0] = wO 


w2 ; 






assign #4 Y[l] = wl 


w2 ; 






assign #8 GS = D [0] | 


D[l] | 


D[2] | 


D[3] ; 


endmodule 









A common priority encoder circuit is 74148 (see i 1.3.1). 
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3.7 Logic units 

Using a multiplexer it is possible to obtain easily a logic unit for 
the common logic operations, selecting the desired one through a 
function value. For example, it might be possible to build the circuit 
that does the task shown in the following figure: 

2 





f 


A 






logic L 


B 





output 



0 0 A AND B 

0 1 A OR B 

1 0 A XOR B 
1 1 NOT B 



Figure 3.46. Logic unit implementation example with four op- 
tions. 



f> 



~7 



2 



A> 



B> 




> L 



Logic units like this one are useful if the input lines (A and B) are 
multi-bit sized. To obtain this it suffice to place in parallel more 
single-bit units with the function control inputs if) connected to- 
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gether. 

Figure 3.47. More logic units can be connected in parallel, to 
operate on multi-bit values. The diagram on the right, below, is 
a compact representation of the same circuit. 



A B 

logic 

L 



AO.. A3 



B0..B3 

4 



\ 



00 CM t— O 



CO CM t— O 



A B 

logic 

L 



1 



A B 

logic 

L 



A B 

logic 

L 



co ro — ^ o 
I I 

L0..L3 



f 
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f>- 



~7 



/ 



f f output 

0 0 A AND B 

0 1 A OR B 

1 0 A XOR B 
1 1 NOT B 



A> 



B> 



XX 



-7 



A. 



L 



3.8 Shift and rotation 

The bit shift is an important binary operation that can be imple- 
mented with a combinational circuit. There is an ordered group of 
n inputs, starting from 0 to n-1, a group of n outputs ordered in 
the same way and there might be a carry input and a carry output. 
Often it is considered the shift of a single binary digit, because more 
binary digits might be shifted repeating the operation. The shift and 
rotation operations require to specify the direction: left or right. 

The easiest kind of shift is the logic shift, which moves the bits left 
or right, losing the most significant bit or the least significant one, 
inserting a zero at the opposite side. The following figures imple- 
ment the logic shift and the other types of shifts and rotations, using 
multiplexers, where the connection to the ground means a fixed 0 
input. 

1110 original value 1110 original value 



110 0 left logic shift 



0 111 right logic shift 
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Figure 3.49. 4-digit left and right logic shift, with 2-input multi- 
plexers. The shift direction is established by the value received 
from the / input. The shift loses a binary digit from one side and 
gets 0 (zero) from the opposite side. 
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Listing 3.50. 4-digit logic shift: example with Verilog. 



module logic_shif t_4 


(S, D, 


f) ; 


input [3:0] D; 






input f; 






output [3:0] S; 






// 






function [3:0] lsh 


( input 


[3:0] D, input f ) ; 


if (f == 0) 






lsh = D << 1; 
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else 




lsh = D 


» i; 


endf unction 




// 




assign #6 S 


= lsh (D, f ) ; 


endmodule 





The other Verilog examples of the section describe only the gate 
logic level, assuming that the 2-input multiplexers are implemented 
as the following figure shows: 



D1 

V 



DO 

V 



V 



-o 




<f 



Listing 3.52. 4-digit logic shift: detailed gate level implementa- 
tion. 



module logic_shif t_4 (S, D, f ) ; 
input [3:0] D; 
input f; 
output [3:0] S; 
wire _f = ~f; 
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// 














assign 


#6 


S [0] = 


= (D[l] 


& f ) ; 






assign 


#6 


S [1] = 


= ((D[2] 


& f ) I 


(D [0] 


& _f ) ) ; 


assign 


#6 


S [2] = 


= ((D[3] 


& f ) | 


(D [1] 


& _f ) ) ; 


assign 


#6 


S [3] = 


= (D[2] 


& _f ) ; 






endmodule 















The arithmetic shift is made in the same way as the logic one, with 
the exception that the right shift must keep the sign unaltered. In 
practice, when doing an arithmetic right shift, the digit inserted on 
the most significant position is the same as the original one. This 
kind of shift is called 'arithmetic' because the result is the same as 
the multiplication and division by two. However it should be noticed 
that the left shift might produce an overflow, corresponding to the 
lost of the original sign. 



1110 original value 
110 0 left arithmetic shift 



1110 original value 

1111 right arithmetic shift 



0 110 original value 
110 0 left arithmetic shift (*) 



0 110 original value 

0 0 11 right arithmetic shift 



10 10 original value 

0 10 0 left arithmetic shift (*) 



10 10 original value 
110 1 right arithmetic shift 



(*) when shifting to the left, a sign inversion might be produced (overflow) 
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Figure 3.54. 4-digit, left and right arithmetic shift, using 2-input 
multiplexers. The shift direction is defined by the value received 
from the / input. 
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Listing 3.55. 4-digit arithmetic shift: detailed gate level imple- 
mentation. 



module arithmetic^ 


_shift_4 


(S, D f 


f ) ; 


input [3:0] D; 








input f; 








output [3:0] S; 








wire _f = ~f; 








// 








assign #6 S [0] = 


= (D[l] & 


f ) ; 




assign #6 S [ 1 ] = 


= ((D[2] 


& f) I 


(D[0] & _f) ) ; 
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assign 


#6 


S [2] = 


= ((D[3] 


& f ) 


(D [1] & _f ) ) ; 


assign 


II s~~ 

#6 


S [3] = 


= ((D[3] 


& f) 


(D [2] & _f ) ) ; 


endmodule 













The rotation is a shift operation where the binary digit lost from one 
side is inserted at the opposite side, either on the left or the right 
rotation. 



0 110 original value 



0 110 original value 



110 0 left rotation 



0 0 11 right rotation 



110 0 original value 



0 0 11 original value 



10 0 1 left rotation 



10 0 1 right rotation 



10 0 1 
0 0 11 



original value 
left rotation 



10 0 1 original value 
110 0 right rotation 
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Figure 3.57. 4-digit rotation, with 2-input multiplexers. The ro- 
tation direction is specified by the value received from the input 

/• 
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Listing 3.58. 4-digit rotation: detailed gate level implementation. 



module rotation_4 


(S, D, f); 




input [3:0] D; 






input f; 






output [3:0] S; 






wire _f = ~f ; 






// 






assign #6 S [0] = 


= ( (D[l] & f) 


(D[3] & _f) ) ; 
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assign 


#6 


S [1] = 


= ((D[2] 


& 


f ) 


(D [0] 


& 


_f ) ) ; 


assign 


#6 


S [2] = 


= ((D[3] 


& 


f ) 


(D [1] 


& 


_f ) ) ; 


assign 


#6 


S [3] = 


= ((D[0] 


& 


f ) 


(D [2] 


& 


_f ) ) ; 


endmodule 



















The rotation with carry uses the previous carry for the digit inserted 
at one side and saves the removed digit from the opposite side as the 
new value for the carry (after the rotation). 

..1 110 original value ... 1 original carry 

i 1 10 1 left rotation ^ 1 final carry 



1 1 10 .. original value 
1111 right rotation 



1 original carry 
0 final carry 
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Figure 3.60. 4-digit input, rotation with carry, using 2-input mul- 
tiplexers. The rotation direction is specified by the value received 
from the / input. 
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3.9 Addition 

The binary addition, made in the same common way used for the 
decimal numbering system, does not generate a carry higher than 1 . 
It can be verified through the following table. 
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Table 3.61. Binary addition. 



111 CD L 

dLlLlCllLl 


5CUU11LI 
dLlLlCllLl 


previous 
carry 
(carry in) 


generated 
carry 

(carry out) 


result 


0 


0 


0 


0 


0 


0 


0 


1 


0 


1 


0 


1 


0 


0 


1 


0 


1 


1 


1 


0 


1 


0 


0 


0 


1 


1 


0 


1 


1 


0 


1 


1 


0 


1 


0 


1 


1 


1 


1 


1 



Therefore, the combinational circuit that can do the binary addition 
must have three input (first addend, second addend, carry in) and two 
output ports (result, carry out). 

Figure 3.62. Adder block diagram. The abbreviation FA stands 
for full-adder. 



generated carry 
(carry out) 



addends 




sum 



previous carry 
(carry in) 



A B 




It is custom to consider the full-adder (the one shown above) to be 
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made of two smaller modules, known as half-adders. The half-adder 
is a combinational circuit with two input ports, corresponding to the 
two addends, and two output ports, corresponding to the sum and the 
generated carry; in practice, the half-adder has no previous carry. 

Table 3.63. Truth table for a half-adder: A and B are the addends, 
S and Co are the sum and the carry outputs. 



A 


B 


Co 


s 


0 


0 


0 


0 


0 


1 


0 


1 


1 


0 


0 


1 


1 


1 


1 


0 



It can be easily guessed that the half-adder sum can be obtained with 
an XOR gate and that the carry output requires an AND gate. 

Figure 3.64. Half-adder block diagram and implementation ex- 
ample. The abbreviation HA stands for half -adder. 
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To obtain a full-adder from half-adders, it is necessary to sum also 
the input carry. 
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Figure 3.65. Full-adder block diagram, obtained with two half- 
adders. 
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Figure 3.66. Full-adder alternative implementations, with the 
help of Karnaugh maps. 
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A> 
B> 

Ci> 




Co 



To be useful, the addition should be applied to binary addends com- 
posed of more than a single digit, therefore it is necessary to as- 
semble in parallel some adders, passing properly the carry from the 
less significant digit to the next more significant one, digit by digit. 
This method of carry propagation is known as ripple-carry and it is 
illustrated by the following figure. 
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Figure 3.67. Ripple-carry 4-digit adder. On the right is shown a 
compact representation, but it is not specified there in what way 
the carry is propagated. 
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The described adder works correctly with the addition of positive 
and negative numbers, when the negative numbers are represented 
as 2's complement of the positive equivalent value. 
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Listing 3.68. A simple Verilog implementation of a 4-bit adder. 

module adder_4 (Co, S, A, B, Ci) ; 
input [3:0] A, B; 
input Ci; 
output Co; 
output [3:0] S; 
// 

assign #30 {Co, S} = A + B + Ci; 
endmodule 



Listing 3.69. Gate level implementation of a 4-bit adder with 
ripple-carry. 

module adder_4 (Co, S, A, B, Ci) ; 
input [3:0] A, B; 
input Ci; 
output Co; 
output [3:0] S ; 
wire [4:0] C; 
// 

function add (input A, input B, input Ci); 

add = A A B A Ci; 
endf unction 
// 

function carry (input A, input B, input Ci); 

carry = A&B | A&Ci | B&Ci ; 
endf unction 
// 

assign #0 C [0] = Ci; 

assign #6 C[l] = carry (A[0], B[0], C[0]); 
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assign 


#6 


C[2] 


= carry (A[l] 


, B[l] 


, C[l] ) 


assign 


#6 


C[3] 


= carry (A[2] 


, B[2] 


, C[2] ) 


assign 


#6 


C[4] 


= carry (A[3] 


, B[3] 


, C[3] ) 


// 












assign 


#5 


S[0] 


= add (A[0] , 


B[0] , 


C[0] ) ; 


assign 


#5 


S[l] 


= add (A[l] , 


B[l] , 


C [ 1 ] ) ; 


assign 


#5 


S[2] 


= add (A [2] , 


B[2] , 


C[2] ) ; 


assign 


#5 


S[3] 


= add (A [3] , 


B[3] , 


C[3] ) ; 


// 












assign 


#0 


Co = 


C[4] ; 







endmodule 



3.10 Subtraction 

The basic building block for the subtraction is the half -subtr actor . 
As the order of the operands is significant, it is necessary to distin- 
guish between minuend and subtrahend, therefore all the following 
examples will use this notation: D=M-S. 

Table 3.70. Half-subtractor truth table. 



M 


s 


B„ 


D 


0 


0 


0 


0 


0 


1 


1 


1 


1 


0 


0 


1 


1 


1 


0 


0 
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Figure 3.71. HS: half-subtractor. 

minuend 
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difference 
D 

Bo 



subtrahend borrow 
Instead of the carry output there is the borrow, which is as- 
serted when the subtrahend is greater than the minuend. The full- 
subtractor has an additional borrow input coming from a previ- 
ous digit. To build the full-subtractor it is possible to use two half- 
subtractors, where the second one subtracts from the result of the 
first one the borrow input. 

Table 3.72. Full-subtractor truth table. 



M 


s 


Bt 


B 0 


D 


0 


0 


0 


0 


0 


0 


0 


1 


1 


1 


0 


1 


0 


1 


1 


0 


1 


1 


1 


0 


1 


0 


0 


0 


1 


1 


0 


1 


0 


0 


1 


1 


0 


0 


0 


1 


1 


1 


1 


1 
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Figure 3.73. FS: full- subtracter. 
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Figure 3.74. Full-subtractor alternative implementation, with the 
help of Karnaugh maps. 
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Just like in the addition, it is possible to build a chain of full- 
subtractors. 
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Figure 3.75. 4-bit subtraction. 
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Listing 3.76. A simple Verilog implementation of a 4-bit subtrac- 
ter. 



module subtractor_4 (Bo, D, M, S, Bi) ; 
input [3:0] M, S; 
input Bi; 
output Bo; 
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output [3:0] D ; 




// 




assign #30 {Bo, d} = M - S - 


- Bi; 


endmodule 





Listing 3.77. Gate level implementation of a 4-bit subtractor. 



module subtractor_ 


4 (Bo, D, M, S, 


Bi) ; 


input 


[3: 


0] M, S; 




input ; 


Bi; 








output 


Bo 


■ 

r 






output 


[3 


:0] D; 






wire [4:0] B; 






// 










function 


sub (input M, input S, 


input Bi ) ; 


sub 


= M 


A S A Bi; 






endf unction 






// 










function 


borrow 


(input M, input 


S r input Bi) ; 


borrow 


= ~M&Bi 


| S&Bi | -M&S; 




endf unction 






// 










assign 


#0 


B[0] = 


Bi; 




assign 


#6 


B[l] = 


borrow (M [ 0 ] , 


S [ 0 ] , B [ 0 ] ) ; 


assign 


#6 


B[2] = 


borrow (M [ 1 ] , 


S [ 1 ] , B [ 1 ] ) ; 


assign 


#6 


B[3] = 


borrow (M [ 2 ] , 


S[2], B[2]); 


assign 


#6 


B[4] = 


borrow (M [ 3 ] , 


S[3] f B[3]); 


// 










assign 


#5 


D[0] = 


sub (M[0], S[0], B[0]); 


assign 


#5 


D[l] = 


sub (M[l] f S[l], B[l]); 
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assign 


#5 


D [2] 


= sub 


(M[2] , 


S [2] , 


B [ 2 ] ) ; 


assign 


#5 


D [3] 


= sub 


(M[3] , 


S [3] , 


B [ 3 ] ) ; 


// 














assign 


ii /-\ 

#0 


Bo = 


B [ 4 ] ; 








endmodule 















3.1 1 Addition and subtraction together 

The full-adder works correctly for the sum of positive and negative 
numbers, when the negative ones are represented by the 2's com- 
plement method, therefore, to transform an adder into a subtractor, 
it is enough to calculate the 2's complement for the subtrahend. To 
achieve the result it is more convenient to invert all the subtrahend 
bits (l's complement) and also the carry input, which now assumes 
the role of borrow input. To obtain coherently a borrow output, even 
the carry output should be inverted. 
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Figure 3.78. 4-digit subtractor: in that case it is calculated A-B. 
On the right side it is shown a compact representation of the same 
thing. 
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The addition and subtraction can be combined with XOR gates, in- 
stead of inverters, with a function control input that specifies the 
action to take. 
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Figure 3.79. 4-digit addition or subtraction. 
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Listing 3.80. Gate level implementation of a 4-bit adder and sub- 



tractor. 


module addsub_4 (CoBo, S, 


f , A, B, CiBi) ; 


input [3:0] A, B; 




input f r CiBi; 




output CoBo; 




output [3:0] S; 




wire [4:0] C; 




// 




function add (input A, 


input B, input C) ; 


add = A A B A C; 




endf unction 




// 




function carry (input A 


, input B, input C) ; 


carry = A&B|A&C|B&C; 




endf unction 
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// 












assign 


#0 


C[0] 


= CiBi A f; 






assign 


#6 


C[l] 


= carry (A[0] 


, B[0] A 


f, C[0]) 


assign 


#6 


C[2] 


= carry (A[l] 


, B[1] A 


f, C[l]) 


assign 


#6 


C[3] 


= carry (A[2] 


, B[2] A 


f, C[2]) 


assign 


#6 


C[4] 


= carry (A[3] 


, B[3] A 


f/ C[3]) 


// 












assign 


#5 


S[0] 


= add (A[0] , 


B[0] A f, 


C[0] ) ; 


assign 


#5 


S[l] 


= add (A[l] , 


B[l] A f, 


C[l] ) ; 


assign 


#5 


S[2] 


= add (A [2] , 


B[2] A f, 


C[2] ) ; 


assign 


#5 


S[3] 


= add (A [3] , 


B[3] A f, 


C[3] ) ; 


// 












assign 


#0 


CoBo 


= C [4] A f ; 







endmodule 



3.12 Carry lookahead 

The addition with a significant amount of bits, using the ripple-carry 
method of carry propagation is very slow. To accelerate the opera- 
tion, every digit requires to get a valid previous carry in the shortest 
possible time, with the method known as carry -lookahead. In the 
following expressions, the variables A u B t and C t represent the two 
addends and the carry input of the stage i (the digit taken into consid- 
eration); therefore, the carry generated from this stage is represented 
by the variable C i+ i . 
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Figure 3.81. Alternative ways to calculate the output carry. 
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The figure above shows that the carry can be synthesized in various 
ways, one of which uses the XOR operator. Two equivalent expres- 
sions are chosen from the above picture: 

Ci+i = AiBi+(Ai+Bi)Ci = AiBi+(Ai@Bi)Ci 

From these expressions, two new variables are defined, G,- and P t , 
which stand for generation and propagation, so that the carry d+i 
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is defined by the value of G t , P t and C t . 

Ci+i = Gi+PiCi 

It is obvious that G t is equivalent to A t Bi, whereas P t can be consid- 
ered either equal to Ai+Bi or to Ai®Bi. If the first generated carry 
(C/) can be obtained as Ci=G 0 +PoCo, the second one is obtained as 
C 2 =G 1 +Pi(Go+CoPo), and the same way all the subsequent ones can 
be determined. The solutions for the first four carries follow: 



Ci 

_L 




c 2 


✓"Y 1 7~> fl 

= G1+P1C1 


Cl 


= Gi+Pi(G 0 +PoG 0 ) 


c 2 


= G1+P1G0+P1P0C0 


c 3 


= G2+P2G2 


c 3 


= G 2 +P 2 (Gi+PiGo+PiP 0 C 0 ) 


Cz 


= G2+P2G1+P2P1G0+P2P1P0G0 


Ci 


= G3+P3G3 




= G s +Ps(G2+P2G 1 +P 2 PiGo+P2PiPoCo) 


c A 


= G3 +P3 G2 +P3 P2 G\ +P3 P2 Pi Go +P3 P2 Pi Po Go 



To simplify the expressions, P n and G„ are defined in the following 
way: 

Pn — Pn-lPn-2Pn-l ' ' ' P\Pq 

G n = G n _i+P n _iG n _2+Pn-2Pn-lG n _3H \-P n -2P n -l ' ' ' Pi Go 

Having defined P n and G n , the carry C n can be defined as: 

C n = G n +P n Co 
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The following figure shows a lookahead generator, in that case it 
is a combinational circuit that determines the carries of four binary 
digits, starting from the initial carry and the values from B 3J) and 
G3..0, as described by the equations that define this relation. The draw 
contains also the logic necessary to determine the value of B 4 and 
G 4 , which can be useful to connect together more modules of this 
type. 
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Figure 3.87. Diagram for the determination of four carries, start- 
ing from the initial one (C 0 ) and from the values of P t and G„ as 
described by the logic equations. 
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The adder that produces the values G and P can be synthesized with- 
out the carry output, as this value is determined by the above mod- 
ule. There are two alternative solutions, because the P value can be 
defined either as Ai+Bi or Ai®Bi. 

Figure 3.88. Addition modules with P and G outputs, but without 
the carry output. 
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The following figure shows a 4-digit adder, made of the previous 
modules of addition and carry-lookahead. 
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Figure 3.89. Fast 4-digit adder. 
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An adder, like the one shown above, can be connected with other 
modules to increase the number of digits, without adding too much 
delay. In the following figure, the module SUM4 corresponds to the 
one described in figure 3.89, where only the last two carries are con- 
nected to the outside (the last two carries will be necessary to test 
if there is an overflow); the module CLH4 corresponds to the one 
described in figure 3.87, which is used to connect the addition mod- 
ules. 
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Figure 3.90. 20-bit adder, made of 4-bit modules connected to- 
gether. 
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Listing 3.91. Fast 4-digit adder, Verilog gate level implementa- 
tion. 



module SUM4 


(C4, 


C3, P4, G4, 


C 7\ o nn\ i 

o , A, d, CU j ; 


input 


[3:0] A, 


B; 








input < 


^0; 












output 


C3, 


C4, 


P4, G4; 




output 


[3: 


0] S; 










wire [4:0] 


C, P 




G; 






// 














assign 


# n 
ff U 


C [ 0 ] 




CO ; 






assign 


it c 

#5 


S [ 0 ] 




7\ r a l 

A [ 0 J 


A B [0] A C [0] ; 


as s ign 


44 C 


ri r 1 "1 

S [1] 




A [ 1 ] 


A B [1] A C [1] ; 


as s ign 


ff D 


o r o "i 

S [2 ] 




A [ 2 ] 


A B [2] A C [2] ; 


as s ign 


44 c 
ff O 


r** r o "i 

S [ 3 ] 




A [ 3 ] 


A B [3] A C [3] ; 


// 














as s ign 


ff o 


P [ 0 ] 




A [ 0 J 


I B [0] , 




as s ign 


4J- c 
ff 0 


P [1] 




7\ r i "i 

A [ 1 ] 


1 B [1] , 




assign 


Ji IT 

#5 


t^i r o "i 

P [2 ] 




A [ 2 ] 


| B [2] , 




as s ign 


44 C 

ffb 


P [3] 




A [ 3 ] 


I B [3] , 




as s ign 


ff 0 


-i—x r /i "i 

P [ 4 ] 




P [3] 


&P [2] &P [1] &P [0] ; 


// 














assign 


#5 


G [ 0 ] 




A [ 0 ] 


&B [0] , 




assign 


#5 


G [1] 




A[l] 


&B [1] ( 




assign 


#5 


G [ 2 ] 




A[2] 


&B [2] , 




assign 


#5 


G[3] 




A[3] 


&B [3] , 




assign 


#7 


G[4] 




G[3] 


|P [3] &G[2] |P [3] &P [2] &G[1] 










P [3] 


&P [2] &P [1] &G[0] ; 


// 














assign 


#7 


C[l] 




G[0] 


|P[0]&C[0]; 
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assign 


#7 


C[2] 


= G[l] 


I P [1] &G [0] |P [1] &P [0] &C [0] ; 


assign 


#7 


C [3] 


= G[2] 
IP [2] 


I P [2] &G [1] |P[2]&P[1]&G[0] 
&P [1] &P [0] &C [0] ; 


assign 


#7 


C[4] 


= G[3] 
IP [3] 
IP [3] 


|P [3] &G[2] |P [3] &P [2] &G[1] 
&P [2] &P [1] &G[0] 

_ — . r- / — -i _ — . I - -"1 -1 -i — % r- /—v -i ^ — ,j i- s~\ -i 

&P [2] &P [1] &P [0] &C [0] ; 


// 










assign 


#0 


C4 = 


C [ 4 ] ; 




assign 


ll r\ 

#0 


C3 = 


C [ 3 ] ; 




assign 


ll r\ 

#0 


P4 = 


P [ 4 ] ; 




assign 


#0 


G4 = 


G [ 4 ] ; 




endmodule 









A common 4-bit fast adder circuit is the 7483 (see i 1.4.1) and a com- 
mon lookahead-generator circuit is the 74182 (see il.4.5). 

3. 1 3 Increment and decrement 

To increment a value by 1, it is not necessary to use the full addition 
circuit, because there is only one input value and a carry input. This 
kind of circuit might be implemented as a half-adder chain (figure 
3.64): 
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The same solution might be applied if it is necessary to decrement a 
value by 1, using half- subtracters (figure 3.71): 
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Increment and decrement implemented as in the previous figures, 
might require a relative long time to be completed, so a kind of carry- 
lookahead method should be applied to speed up the process. 



186 



Combinational circuits 



Figure 3.94. Fast increment: when Ci is asserted, the value re- 
ceived from IN is returned through OUT incremented by 1, oth- 
erwise it is reproduced unchanged. 
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Figure 3.95. Fast decrement: when Bi is asserted, the value re- 
ceived from IN is returned through OUT decremented by 1, oth- 
erwise it is reproduced unchanged. 
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Listing 3.96. Fast increment: gate level implementation. 

module INC4 (OUT, Co, IN, Ci); 
input [3:0] IN; 
input Ci; 
output [3:0] OUT; 
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output 


Co; 










wire [4 


:0] C; 










// 












assign 


C[0] = Ci; 










assign 


Co = C [ 4 ] ; 










// 












assign 


#6 C [ 1 ] = 


IN[0] & 


Ci; 






assign 


#8 C[2] = 


IN [ 1 ] & 


IN [ 0 ] 


& 


Ci; 


assign 


II *"1 /~\ y-~~J r <-"""\ -1 

#10 C [3] = 


IN[2] & 


IN [1] 


& 


IN[0] & Ci; 


assign 


#12 C[4] = 


IN[3] & 


IN [2] 


& 


IN[1] 






& IN[0] 


& Ci; 






// 












assign 


#8 OUT[0] 


= IN [ 0 ] 


A C [ 0 ] , 






assign 


#8 0UT[1] 


= IN[1] 


A C [1] , 






assign 


#8 OUT [2] 


= IN[2] 


A C [2 ] ; 






assign 


#8 OUT [3] 


= IN[3] 


A C [3] ( 






// 












endmodule 













Listing 3.97. Fast decrement: gate level implementation. To save 
inverters, the internal wire _/Af 3 .. 0 holds the inverted input data 
(IN). 

module DEC4 (OUT, Bo, IN, Bi); 
input [3:0] IN; 
input Bi; 
output [3:0] OUT; 
output Bo; 
wire [4:0] B; 
wire [3:0] _IN; 
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// 
















assign 


B[0] = Bi 


■ 

r 










assign 


Bo 


= B[4] 


a 

r 










assign 


#2 


_IN = 


-IN; 










// 
















assign 


#6 


B[l] 


= _IN [ 0 ] 


& 


Bi; 






assign 


#8 


B[2] 


= _IN[1] 


& 


_IN [ 0 ] 


& 


Bi; 


assign 


#10 


B[3] 


= _IN [2 ] 


& 


_IN [1] 


& 


_IN[0] & Bi; 


assign 


#12 


B[4] 


= _IN[3] 


& 


_IN [2] 


& 


_IN[1] 








& _IN[0] 


& Bi; 






// 
















assign 


#8 


OUT [0] 


= IN[0] 


A 


B [ 0 ] ; 






assign 


#8 


OUT [1] 


= IN[1] 


A 


B [ 1 ] ; 






assign 


#8 


OUT [2] 


= IN[2] 


A 


B [ 2 ] ; 






assign 


#8 


OUT [3] 


= IN[3] 


A 


B [ 3 ] ; 






// 
















endmodule 















3.14 2's complement 

To change the sign of an integer binary number, it is necessary a 
circuit that calculates the 2's complement. To obtain the 2's comple- 
ment it is required to calculate the l's complement (bit inversion), 
adding 1. 
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Figure 3.98. 2's complement calculation, corresponding to the 
sign inversion of an 4-bit integer number. 
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The example in the above figure shows that the input data is inverted 
(negated) if the input minus is asserted, but the same minus value is 
added, producing the final 2's complement. If otherwise the minus 
input is not asserted, the input data is not changed and the output 
result remains the same. 

The sign inversion might be calculated with a shorter delay if the in- 
crement is obtained with a carry-lookahead method, as it is described 
in the previous section. The following figure shows a simplified dia- 
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gram where INC is the incrementing module that might be designed 
with a fast carry calculation: 



minus 

V 




OUT 

3.15 Multiplication 

The binary multiplication is a process that requires the addition and 
the bit shifting. To operate correctly on signed integers, the calcu- 
lation should be done extending the input data to a double bit size; 
for example, if multiplicand and multiplier have only a 4-bit size, 
the result requires a size of up to 8 bits, but the calculation should 
be done as if also the input data were 8-bit wide. See the following 
examples. 



« 
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Figure 3.100. signed and unsigned 4-bit multiplication. 

integer multiplication negative multiplicand, positive multiplicand, negative multiplicand, 

without sign positive multiplier negative multiplier negative multiplier 

OOOOlOllx lllllOllx OOOOOlllx lllllOllx 
00001101= 00000101= 11111101= 11111101= 



00001011+ 11111011+ 00000111+ 11111011+ 

00000000+ 00000000+ 00000000+ 00000000+ 

00101100+ 11101100+ 00011100+ 11101100+ 

01011000+ 00000000+ 00111000+ 11011000+ 

00000000+ 00000000+ 01110000+ 10110000+ 

00000000+ 00000000+ 11100000+ 01100000+ 

00000000+ 00000000+ 11000000+ 11000000+ 

00000000= 00000000= 10000000= 10000000= 

10001111 11100111 11101011 00001111 
In the above figure, the first example on the left shows the multiplica- 
tion of two unsigned values, which are extended using Os on the most 
significant side, before the multiplication is done. The other exam- 
ples are made with signed values and the negative ones are extended 
with Is on the most significant side, to keep the original negative 
sign, before the operation takes place. 

To resolve the problem with a combinational circuit, it is necessary 
to cross the multiplicand and multiplier values, verifying at every 
useful position the coincidence of values equal to 1 . The following 
two figures should be overlapped, as they show the concept in two 
phases: the outputs from the AND gates must be added vertically to 
generate the product. 
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Figure 3.101. Intersection between multiplicand and multiplier, 
using AND gates. 

multiplicand multiplicator 



v 

/4 



CO CM i- O 



194 



Combinational circuits 



Figure 3.102. The value generated by the AND gates is added 
with full- adders. 
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To solve the problem in a nice way, it is necessary to build specific 
cells, using a full-adder. As it can be seen in the following figure, one 
addend receives the product calculated by the AND gate, whereas 
the other addend receives the value from the previous row. 
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Figure 3.103. Cell used to build the matrix that adds and shifts 
the multiplicand. 



Bo ^ 



Co ^ 



Ao ■< 




So 



Si - sum input 
Ai = A input - multiplicand 
Bi - B input - multiplicator 
Ci = carry in 
So = sum 
Ao - Ai 
Co = carry out 
Bo = Bi 



y in 

output = ( (Ai AND Bi) + Si + Ci) 



The cells of the previous figure should be connected properly to- 
gether: the following figure shows a solution limited to unsigned 
multiplicand and multiplier. 
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Figure 3.104. 4-digit unsigned integer multiplication, producing 
an 8-digit result: P=AxB. 
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To multiply signed integers, it is necessary an additional control in- 
put, used to specify if the input data is signed, then the net should be 
extended as if the multiplicand and the multiplicator have a double 
bit size, extending their values conforming to the original sign that 
they are intended to have. 
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Figure 3.105. Full solution (but excessively heavy) to calculate 
the product of two 4-bit integers. 
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The sign problem can be resolved changing the sign, before and af- 
ter the multiplication, so that a simple unsigned circuit can be used. 
In the following figure, the module MUL4 is a multiplication cir- 
cuit that can accept only unsigned values; the modules minus4 and 
minus8 are circuits that can change the sign of the values that they 
filter, if their input minus is asserted. 

Figure 3.106. Signed integer multiplication, using an adapted un- 
signed multiplier. 
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[1] the most significant bit 
is read to know the sign 
of the integer 
[2] multiplicand and multiplier 
have different signs 
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The figure above shows that from the inputs A and B the most signif- 
icant bit is used to know their signedness; if they are negative, their 
value is converted into positive, before the multiplication. After the 
multiplication, if the input signs were different, the result would be 
converted into a negative value. This sign transformation is enabled 
by the control input Signed, so that unsigned number can be multi- 
plied as well. The module minus4 corresponds to the one shown in 
the section 3.14, whereas the minus8 module is an extension work- 
ing with 8 bits. 

It should be observed that if the result is truncated to the same num- 
ber of digits than the multiplicand and the multiplier, assuming that 
the result can fit in it and that the input data is always signed, then 
the result is valid, without the need to handle the signedness. The 
following examples try to demonstrate this assertion. 
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Figure 3.107. 4-digit binary multiplication, truncating the result 
at the same size as multiplicand and multiplier. 
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Figure 3.108. Simplified multiplication combinational circuit 
with the result truncated to the same bit size as the multiplicand 
and multiplier. 
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3.16 Division 

The binary division requires to iterate the subtraction and the bit 
shifting, as the following example shows: the divisor is compared 
with the dividend, starting from the most significant digits, subtract- 
ing the divisor from the dividend only if it is possible. That way, the 
integer division result (quotient) is made of Is when the subtraction 
is possible and 0s otherwise, whereas the remainder is what remains 
after all the subtractions. 

Figure 3.109. Unsigned integer division procedure. 

13^5=2, remainder 3 1101^0101=0010 



0 0 0 110 1 

can subtract? Q1Q1QQQ no 

0 0 0 110 1 

can subtract? 0 0 10 1 no 



0 




0 0 0 110 1 

can subtract? 0 0 0 1 0 1 

0 0 0 0 0 11 

can subtract? 0 0 0 0 1 0 1 

0 0 0 0 0 1 1 remainder 

To resolve the division problem with a combinational circuit the full- 
subtractor module can be used, including some more circuitry to 
check if the subtraction can be applied. As for the multiplication, 
a specific module can be designed. 
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Figure 3.110. Conditional subtraction cell. 
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SF = full- subtracter 

M = minuend 

Si = input subrahend 

So = output subtrahend: copy for the next cell 
Bi = Borrow in 
Bo - borrow out 

OKi = OK in: the subtraction can be done, 
OKo = OK out: copy of OKi for the next cell 



With these cells, after every subtraction it is known if there is a bor- 
row from the last Bo output {borrow out) on the left. If there is a 
borrow, then the subtraction can not be done, so the final borrow 
output is used inverted to select the subtracted value or the original 
one (the OKi input). 
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Figure 3.111. Solution example for the unsigned integer division. 
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When the division is signed, the following cases should be consid- 
ered to decide the quotient and the remainder signs: 



Dividend 


Divisor 


Quotient 


Remainder 


+ 


+ 


+ 


+ 


+ 






+ 




+ 










+ 





To solve the signed division problem, a mechanism that changes the 
signs, before and after the division, might be the best way. 
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Figure 3.113. Signed integer division: DIV4 can divide only un- 
signed numbers; minus4 changes the sign of a value if the input 
Signed is asserted. 
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3.17 Magnitude comparator 

To obtain a magnitude comparison of two unsigned binary integers, 
it is necessary to compare the digits of both values, starting from 
the more significant ones. For every digit comparison it is necessary 
to establish which is the higher or if they are equal. The following 
figure shows the comparison between two simple logic values. 

Figure 3.114. 1 -digit magnitude comparator; the diagram on the 
right side is the same circuit with a more compact representation. 
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When more bits are compared, the match starts from the most signif- 
icant bit, which prevails over the others. If the most significant bits 
are the same, the next digit should be checked to find which value is 
greater than the other; if all the digits of the two values are the same, 
the values are equal. 
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Figure 3.115. 4-bit unsigned integer magnitude comparator. 
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Listing 3.116. 4-digit magnitude comparator, Verilog gate level 
implementation. 



module magnitude_4 (BA, EQ, AB, A, B) ; 



input [3:0] A, 


B; 


output 


BA, 


EQ, 


AB; 


wire [3 


:0] 


ab; 




wire [3 


:0] 


eq; 




wire [3 


:0] 


ba; 




// 








assign 


#3 


ab [0] 


= A[0] &~B [0] ; 


assign 


#3 


ab [1] 


= A[l] &~B [1] ; 


assign 


#3 


ab [2] 


= A[2] &~B [2] ; 


assign 


#3 


ab [ 3 ] 


= A[3] &~B [3] ; 


// 








assign 


#3 


ba [0] 


= ~A[0] &B [0] ; 


assign 


#3 


ba [1] 


= ~A[1] &B [1] ; 


assign 


#3 


ba [2] 


= ~A[2] &B [2] ; 


assign 


#3 


ba [ 3 ] 


= ~A[3] &B [3] ; 


// 








assign 


#3 


eq[0] 


= ~ (ab [0] |ba [0] ) ; 


assign 


#3 


eq[l] 


= ~ (ab [1] |ba [1] ) ; 


assign 


#3 


eq [ 2 ] 


= ~ (ab [2] |ba [2] ) ; 


assign 


#3 


eq [ 3 ] 


= ~ (ab [3] |ba [3] ) ; 


// 








assign 


#4 


EQ = 


eq [ 0 ] &eq [ 1 ] &eq[2] &eq[3] ; 


// 








assign 


#3 


AB = 


(ab [0] &eq[l] &eq[2] &eq[3] 



(ab [1] &eq[2] &eq[3] ) 
(ab [2] &eq[3] ) 
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ab [ 3 ] ; 


// 




assign #3 BA 


= (ba [0] &eq [1] &eq [2] &eq [3] ) 




I (ba [1 ] &eq [2 ] &eq [3] ) 




| (ba [2 ] &eq [3 ] ) 




1 ba [ 3 ] ; 


endmodule 





A common 4-bit magnitude comparator circuit is the 7485 (see 
il.4.2). 
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The arithmetic-logic unit (ALU) is a combinational circuit that con- 
tains the main calculation functions of a CPU. It is usually composed 
by some distinguished circuits, everyone of which does a single or 
a little group of calculations. These components are usually joined 
together through a multiplexer that selects the chosen result. 
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Figure 4.1. Simplified diagram of three components working to- 
gether in a single ALU: everyone receives a couple of input val- 
ues, but the output is selected by a multiplexer, through a control 
code that represents the function requested to the ALU. 



function 

> 



~7 



00=addition (A plus B) 
01 ^multiplication (Ax B) 
10=division remainder (A% B) 
11 -division quotient (A/B) 




result 



Where possible, the examples of the chapter are divided into 8-bit 
modules, which might be connected together to work with multiple- 
bit sizes: 16, 32, 64. 

Common circuit components used to build an ALU are: 7483, 7485, 
74181, 74182, 74381 and 74382 (see u0.4). 

4.1 Status flags 

For some kind of operation the ALU needs to remember a previous 
status; for example, an addition might be done in more than one step, 
taking into account the previous carry. Some flags are used to keep 
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track of the status of previous operations; the most common ones 
are: carry, zero, sign and overflow. 



Name 


La) m nion 
abbreviation 


Description 


zero 


z 


Asserted when the last operation result 
was zero. 






A 11 .ill A " 1.J 

Asserted when the last operation result 


negative sign 


N 


seems to be negative, because the most 
significant bit is 1 . 






Usually asserted when the last opera- 






tion requires an additional digit to store 


carry 


C 


the value and the effective result is trun- 


cated, but used also for other situations 
when a digit should be saved for iterated 
calculations. 






The overflow is a condition that arise 






when the result of an operation is not 




0 


valid because it is truncated at the most 


overflow 




significant side or because it has the 




V 


wrong sign. When adding two integer 
values there is an overflow if the last two 
carries are different. 



To verify a result equal to zero it is possible to check the output value 
with a NOR gate, which produces a 1 only if all the inputs are 0. It 
is also easy to find the sign of a value (assuming that the value is 
signed) checking the most significant bit. 
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Figure 4.3. Module zn8: check for zero and for a possible sign. 
On the right side the same circuit appears with a compact dia- 
gram, where the eight input lines are grouped together in a single 
multiline port. 

D7 D6 D5 D4 D3 D2 Dl DO 
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If it is required to operate with different bit- sized data, the above 
module can be used in parallel, adding a rank selection, like the 
following figure shows. 
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Figure 4.4. Module zn32: zero and sign evaluation for integers 
from 8 to 32 bits. The input port rk, which stands for 'rank', is 
a control function allowing to specify the desired bit- size: zero 
means 8 bits, up to 3 that means 32 bits. The module zn8 is 
described in figure 4.3. 
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4.2 Size truncation 

The modules described in the following sections allow to operate 
on 32-bit values and on smaller sizes (multiples of 8). When the 
specified size is smaller than 32 bits, the results are valid only inside 
that particular rank and there might be also more contents that should 
be ignored on the more significant side, beyond the specified range. 
The following module allows to filter a value and even to extend the 
sign, based on a selected size. 
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Figure 4.5. Module rk: filter and sign extension of a value, based 
on a requested size. 
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Figure 4.6. Module rk, identical to the previous picture, but de- 
signed in a more compact way. 
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4.3 Sign inversion 

To assist the multiplication and the division it is important a mod- 
ule that can invert the sign of a (signed) binary integer number. The 
module minus8 works on 8 bits and it is used to build other inversion 
modules with a bigger bit-size. 
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Figure 4.7. Module minus8 : 8-bit sign inversion. If the inputs M 
and Ci are asserted the sign is inverted, otherwise the value is not 
changed. The module ha is a common half-adder. 
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Figure 4.8. Module minus32 : 32-bit sign inversion, made of four 
minus 8 modules, as described in figure 4.7. 
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4.4 Addition and subtraction 

The following figure shows an 8-bit module that is able to add and 
subtract integer values, handling correctly either the carry or the bor- 
row, signaling also the overflow (if the last two carries are different). 
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Figure 4.9. Module as8 : addition and subtraction of 8-bit binary 
integers. The input / (function) selects the addition or the sub- 
traction; the output O gives the overflow (if there is one). The 
module fa is a full-adder. 
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Figure 4.10. Module as32 : addition and subtraction with the pos- 
sibility to control the bit size. The module as 8 is described in 
figure 4.9. 
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4.5 Shift and rotation 

The following figure shows a module that is able to do a logical 
and arithmetical shift on 8 bits. The ports tin, lout, rin and rout 
(left/right in/out) are there to allow shift and rotation on multiples 
of 8 bits. The output ports CI and Cr (carry left/right) contain al- 
ways the bit value that is shifted outside (on the left or on the right 
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side), whereas the output port O (overflow) is asserted only when an 
overflow is produced, due to an arithmetic left shift that changes the 
sign. 
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Figure 4.1 1. Module sh8: 8-bit logic and arithmetic shift. 
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Figure 4.12. Module sh32 : from 8 to 32-bit logic and arithmetic 
shift. The C output (carry) returns the bit value that is shifted 
outside either on the left or the right side. The module sh8 is 
described inside the figure 4.11. 
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Figure 4.13. Module ro32: from 8 to 32-bit rotation. As there is 
no 'arithmetic' rotation, there is no overflow either. The module 
sh8 is described in figure 4.11. 
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Figure 4.14. Module rc32 : rotation with carry (the input carry is 
inserted from one side and the output carry, at the opposite side, 
is saved for the next rotation). The module sh8 is described in 
figure 4.11. 
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4.6 Magnitude comparison 

« 

The module cmp8 compares the magnitude of two unsigned values, 
asserting a different output port depending on the three possible con- 
ditions: A>B, A<B, A=B. 
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Figure 4.15. Module cmp8: 8-bit integer unsigned magnitude 
comparison. 
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The module cmp8 can be used to compare two values with a multiple 
bit size; in that case it is possible to introduce extra logic to consider 
even the sign: if the input values to be compared are signed and if the 
signs are different, the result should be reversed. The module cmp32 
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compares two 32-bit values, returning a 32-bit value: 0 if the values 
are equal, +1 if A>B\ -1 if A<B. 
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Figure 4.16. Module cmp32: signed or unsigned 32-bit magni- 
tude comparison. The module cmp8 is described in figure 4.15. 
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The module cmp32 does not allow to reduce the bit range to be 
compared; therefore, if there is the need to control the input bit size, 
it is necessary to add the module rk as a filter (figure 4.5). 

Figure 4.17. Input filter with the module rk (figure 4.5). 
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4.7 Multiplication 

As already described in a previous chapter, the multiplication re- 
quires a special module that adds the result of the AND operation 
between the two input values. This module is resumed inside the 
following figure. 
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Figure 4.18. Module mul: 1-bit multiplication. This module is 
used inside the one that multiplies 8-bit values. 



bo < 



co <e 



ao <- 




si - sum input 
ai - a input - moltiplicand 
bi - b input - moltiplicator 
ci = carry in 

so = sum output = ((ai AND bi) + si + ci) 

ao - ai 

co = carry out 

bo - bi 



The following figure shows the module mul8, which is a 8-bit mul- 
tiplier with all the required ports to connect with other similar mod- 
ules. 
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Figure 4.19. Module mul8: 8-bit multiplication. 
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As the module mul8 is complex even if used alone, the following 
figure shows how to use it to multiply 8-bit values. 

Figure 4.20. How to use the mul8 module alone. 
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To proceed gradually, the following figure shows a module that mul- 
tiply 16-bit values, using four mul8 modules. 



Arithmetic-logic unit 



237 



Figure 4.21. Module mull6: 16-bit modules. The module mul8 
is described in figure 4.19. 
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Figure 4.22. Module mul32: 32-bit signed and unsigned multi- 
plication. The module mul8 is described in figure 4.19, whereas 
the modules minus are described starting from the figure 4.7. 
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4.8 Division 
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As already described in a previous chapter, the division requires a 
special module to subtracts the divisor from the dividend. This mod- 
ule is resumed inside the following figure. 

Figure 4.23. Module div: 1-bit division. This module uses an fs 
module, which is a full-subtractor (see section 3.10). 
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Figure 4.24. Module div8: 8-bit integer unsigned division. There 
are 64 div modules, used to subtract the divisor from the divi- 
dend, until the quotient and the remainder are found. The module 
div is described in figure 4.23. 
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Figure 4.25. Usage example for the module div8 alone. The mod- 
ule div8 is described in figure 4.24. 
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Figure 4.26. Module divl6: 16-bit integer unsigned division. 
Four modules div8 are used. The module div8 is described in- 
side the figure 4.24. 
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Figure 4.27. Module div32: 32-bit signed integer division. There 
are sixteen div8 modules and four minus32 modules to control 
the sign if the input data is meant to be signed. The module div8 
is described in figure 4.24, whereas the module minus 32 can be 
found in figure 4.8. 
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4.9 Logic unit 

A logic unit is a module that calculates bitwise boolean operations. 
The common operations available are usually NOT, AND, OR and 
XOR, but the example in the following figure shows all the cases of 
the table 3.6, even if many of them are unnecessary. 
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Figure 4.28. Module logic32 : all the sixteen logic operations that 
can be defined in a combinational circuit with two input ports 
and a single output. In this case, every logic gate is multiplied 32 
times in parallel. 1 
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4. 1 0 Joining all the modules together 

In the following figure there is an ALU with all the modules de- 
scribed in the previous sections. Please notice that the proposed so- 
lution is not optimal and it has only a demonstration purpose. 



Arithmetic-logic unit 



247 



Figure 4.29. Module alu32: 32-bit ALU. The input F represent 
the requested function that the ALU should execute. 
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4.11 Bit sliced ALU 
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If the requested functions are limited and the addition can be ob- 
tained with the simple ripple-carry method, it is possible to design a 
bit-sliced ALU that is a single bit ALU, which can be expanded to 
any bit-size. 

Figure 4.30. Module as: f=0 requires the addition with carry; 
f=l requires the subtraction with borrow; if the output carry is 
different from the input one, there is an overflow. 
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Figure 4.31. Module logic: 1-bit logic unit. The value received 
by the input / selects the logic operation. 
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Figure 4.32. Module Itgt: magnitude comparison. The compari- 
son is made at the bit level, using the input carry if the values are 
the same. The result is transferred to the next module through the 
output carry. The module is made of two parts: It (A<B) and gt 
(A>B). The overall module does the first and the second com- 
parison, based on the function /. The equality match is not done, 
because it can be obtained with the NXOR operator. 



Co 



<- 



It 



K 



< 



Ci 



< 



< 



A 
B 



Co 



gt 



<3 J 


-c 











< Ci 



< A 

< B 



Arithmetic-logic unit 



251 



Co 



ltgt 



B 

V 




<Ci 



252 



Arithmetic-logic unit 



Figure 4.33. Module shl: left shift. The shift uses the 'normal' 
carry. The shift does not consider the sign; the input / is used to 
select the operand to shift: either A or B . 
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Figure 4.34. Module shr: right shift. The shift is done using a 
reversed carry line where the names Di and Do are used. The 
shift does not consider the sign; the input / is used to select the 
operand to shift: either A or B. 
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Figure 4.35. Module z: zero. It verifies if the value is zero and 
if all the previous ones are reporting the same (through the carry 
line). The input / allows to select which operand to check. 
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Figure 4.36. Module alu : 1-bit ALU, made of the previous mod- 
ules. 
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Figure 4.37. 4-bit ALU using four alu modules. 
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1 TKGate 2 does not work correctly when a gate bit- vector input port 
is negated; so, the gates 2, 4, 11 and 13 would not work with it. 
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The combinational circuits transform the input data into the output 
data, according to a certain function, without taking into account 
any previous status: the data is translated always in the same way, 
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after a little amount of time. Because of this characteristic, the com- 
binational circuits are said to be memoryless. Instead, a sequential 
circuit takes into account the dynamic on which the input data is re- 
ceived, keeping a status, which is updated by the circuit itself and 
which is in fact an additional source of input data that influences the 
output result. 

The sequential circuits are based on components known as memo- 
ries, which are made of latches or flip-flops. A latch is a circuit with 
some kind of feedback, by which one or more output lines become 
input again; a flip-flop is a sophisticated latch which is responsive to 
the variation of a data. 

5. 1 Propagation delay 

Every combinational circuit reacts to the input data variation updat- 
ing the output with a little time delay, known as the propagation 
delay. The amount of the delay time depends on the physical and 
mechanical characteristics of the real circuit. 
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Figure 5.1. An impulse signal traversing a buffer shows on the 
output a little delay. 
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The propagation delay might be used to produce a short impulse, as 
the following figure shows. 

Figure 5.2. A short impulse produced by the delay propagation. 
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delay introduced by the inverter 
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5.2 Truth tables 

The truth table is a way to explain the combinational circuit be- 
haviour, where the output values are shown as functions of the in- 
put ones, without considering either the propagation delay or the 
dynamic that the input data might have. To explain a sequential cir- 
cuit behaviour a kind of truth table might be used, but in that case 
the notations should be understood depending on the particular con- 
text. The following sections introduce latches and flip-flops, which 
might be influenced by the input data signal variations, therefore the 
following notation is used: 

0 stable 0 

_/" variation from 0 to 1, or positive edge 

1 stable 1 

"\_ variation from 1 to zero, or negative edge 
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5.3 SR latch 
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The simplest sequential circuit that keeps its status memory is the 
one shown in the following two figures, made either with NOR or 
NAND gates. With the NOR gates example, the Q output is ini- 
tially unknown and might be either 0 or 1 ; then, asserting the S in- 
put (set) even with a short positive impulse, the Q output is asserted 
(activated) and it remains active until the R input (reset) remains 
negated. That is: a short positive impulse to the S input sets the out- 
put, whereas the same impulse to the R input resets the output. With 
the example based on NAND gates, the inputs S and R are negated, 
so that the set and reset impulse should be negative. 
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Figure 5.5. Simple set-reset latch with NOR gates. 
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Figure 5.6. Simple set-reset circuit with NAND gates 
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The two figures above show a circuit and the corresponding truth 
table, which highlights a condition that is not allowed: the NOR cir- 
cuit should not let both inputs change from 1 to 0 simultaneously, 
whereas the NAND one should not let both input change from 0 to 
1 simultaneously. The reason for the not allowed condition is ex- 
plained later. 

The above figures represent a simplified version of a kind of circuit 
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known as SR latch, which usually has another negated output, Q, 
which gets the opposite value of Q. 

Figure 5.7. SR latch with NOR gates. 
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Figure 5.8. SR latch made with NAND gates. 
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Figure 5.9. SR latch with NAND gates, changing the meaning of 
the input lines. 
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The SR latch made with NAND gates is equivalent to the NOR one 
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with the input ports negated; however, the SR latch with NAND 
gates is also used changing the input port names as it is shown in 
the last figure above, but this way the behaviour is no more equal to 
the NOR gate version, although it is nearly the same. For that reason, 
when an SR latch is drawn as a box, it is necessary to specify which 
truth table is used; anyway, the SR latch alone is used very seldom 
and it is advisable to depict it with logic gates and not only as a box. 

Figure 5.10. NOR SR latch traces showing two critical situa- 
tions: the first time both the input ports are asserted and becomes 
negated simultaneously; the second time the inputs impulse is 
too short. 
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too short pulses 

The above figure shows a NOR SR latch timing diagram, where the 
propagation delay is evidenced, but especially is visible what hap- 
pens when the input ports drop to zero simultaneously: because of 
the propagation delay, the two outputs remains for a while to zero, 
but then, as the inputs are now zero, the outputs are activated and 
that starts a loop of deactivation and activation. This is the problem 
that imposes to avoid to drop to zero the input ports simultaneously. 
But even a too short pulse might create troubles: the input impulse 
should be long enough to allow the latch to change its state (if that 
impulse should change it). 

The SR latch is the basis for all other latches and flip-flops; that 
is why it is important to know in how many ways it can be imple- 
mented, as the following figure shows. 
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Figure 5.11. SR latch in many equivalent implementations, 
where care should be given to the input ports order. On the left 
side there are the active-high input versions, whereas on the right 
side appear the ones with active-low inputs. The most common 
SR latches are highlighted: NOR and NAND. 
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5.4 Bounce-free switch 

When building real electronic logic circuits, switches are often used, 
but in the real world, these components have the 'bounce' problem, 
which means that opening or closing the switch some unwanted im- 
pulses are generated. To avoid these impulses the SR latches are 
used, for example in the way shown by the figure below. 

Figure 5.12. SR latch used to filter the bounces produced by a 
switch. 
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The SR latch can be extended including two control gates to en- 
able the set-reset input lines. In practice the new SR latch has an 
additional input port used to enable the other two inputs: when the 
enable input is asserted, the SR latch works as usual, but when it is 
negated, the other input lines are just ignored. 

Figure 5.13. Gated SR latch: when the E input (enable) is as- 
serted, it works as the usual SR latch; when the E input is 
negated, the other inputs are ignored. The circuit appears in the 
two common versions, together with the usual symbology. 
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The two diagrams in the above figure are equivalent and it can be 
demonstrated with the De Morgan's laws. 
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Figure 5.14. Gated SR latches equivalences. 



(a + b) = a • b 





— o 



<3 
O 



rO 



-O 



O— » 



« + # =(a - b) 



fCm 




K3 





-O 



O 



The gated SR latch does not resolve the resonance triggering prob- 
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lem already described: the enable input should be asserted only when 
the other inputs are in a valid condition, avoiding the case when both 
S and R are asserted at the same time, because when the enable input 
becomes negated, it would trigger the resonance. 

Figure 5.15. Truth table for a gated SR latch, limited to the most 
significant cases. 
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When a gated SR latch is turned on, the initial output status is unde- 
termined. To be able to initialize the circuit it is necessary to extend 
the input ports of the internal SR latch, as the following figure shows. 
It should be noticed that, depending on the internal SR latch imple- 
mentation, the initialization signal might be asserted high or low. 
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Figure 5.16. Gated SR latch with initialization inputs: when the P 
or P input is asserted (preset), the Q output activation is forced; 
when the C or C input is asserted (clear), the Q output activation 
is forced, clearing the other output port. 
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5.6 SR flip-flop 

The gated SR latch has an enable input that, when asserted, allows to 
receive set and reset assertion from the other inputs, but if the enable 
input is to be used as a way to update the latch in a precise moment, 
the enable signal must be short enough to avoid that any change can 
happen in the meantime. To resolve properly the problem, two gated 
SR latches can be connected, one after the other as 'master' and 
'slave', inverting the enable input to the second one: this way the 
output of the whole circuit is updated when the enable signal passes 
from high to low, that is the negative edge: this kind of latch is a 
flip-flop and it might be triggered with a negative or a positive edge, 
depending on the implementation. 
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Figure 5.17. Positive and negative edges of a signal, 
positive edge ^ ^ negative edge 



Figure 5.18. Negative edge triggered SR flip-flop: when the en- 
able signal goes from 1 to 0, the flip-flop is updated. The circuit 
is shown starting from the block diagram and then with the com- 
mon gate implementations. It should be noticed that the enable 
input is now called 'clock' and it is usually shown as a triangle. 
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Figure 5.19. Negative edge triggered SR flip-flop, with initializa- 
tion inputs. 
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Please notice that the SR flip-flop (positive or negative edge) is never 
used; however, the gated latches connected as master and slave might 
be used to build more specific flip-flops. Furthermore, instead of a 
hypothetical SR flip-flop, the JK flip-flop is used (see section 5.10). 

5.7 Time: setup/hold and recovery/removal 

There are two significant time intervals related to the synchronous 
components, which are the circuits that have a data input controlled 
by an enable or clock input line. These time intervals are the setup 
time, known with the label £ su , and the hold time, known with the 
label t h . 
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Figure 5.20. Example of correct and wrong conditions, concern- 
ing the setup time (t su ) and the hold time (th) constraints. 
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In different context, when it should be emphasized that the input data 
is asynchronous, other names are used: recovery time and removal 
time. 
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5.8 D latch and D flip-flop 

A gated SR latch or an edge triggered SR flip-flop can be connected 
so that the R input is equal to the inverted S. This way the single 
input line can be called Z>, for 'data', and the new circuit becomes a 
D latch or a D flip-flop. 
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Figure 5.22. D latch and D flip-flop obtained from a gated SR 
latch or an edge triggered SR flip-flop. 
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As for the gated SR latch and the SR flip-flop, the same consideration 
about the setup and hold time apply to the 'D' variation. But the D 
latch do not have invalid combination for the input data that comes 
from a single line. 

Figure 5.23. D latch made with NAND gates. When the E input 
is asserted, the circuit receives the data from the Dinput and it 
reproduces the same value trough the Q output (inverting that 
value at the Q output). 
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The D latch can be implemented in more efficient ways, known as 
transparent latch and Earle latch, which appear in the following 
figure. Please notice that the Earle latch has two complementary en- 
able inputs, E and E, which should be asserted and negated at the 
same time, to do their work properly. 

Figure 5.24. Transparent latch. 
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Figure 5.25. Earle latch 
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The D flip-flop (edge triggered) can be implemented as master-slave, 
but there exists an alternative and more efficient circuit that triggers 
at the positive edge. 

Figure 5.26. Master- slave D flip-flop and classical positive-edge- 
triggered D flip-flop. The timing diagram is related to the second 
version that triggers with positive clock edges. 
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Figure 5.27. D flip-flops with initialization inputs. 
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5.9 T flip-flop 

Extending a positive edge D flip-flop it is possible to obtain a T flip- 
flop, where the T stands for 'toggle'. When the T flip-flop receives 
the clock edge and the T input is asserted, it inverts the output values. 
The truth table uses the notation Q (t) to indicate the Q output value 
at the time t and the notation Q(t+\) to indicate the Q output value at 
the next clock effective edge. 



Latch and flip-flop 



287 



Figure 5.28. Positive edge T flip-flop: timing diagram and truth 
table. 
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The T flip-flop requires the clear or the preset input ports, because it 
is necessary to establish an initial value for the outputs. The follow- 
ing figure shows how to extend a D flip-flop with clear and preset 
inputs. 
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Figure 5.29. A T flip-flop starting from a D flip-flop, which in- 
cludes clear and preset inputs. 
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5.10 JK flip-flop 

Another D flip-flop variation, recalling the SR latch, is the JK flip- 
flop. As for the T flip-flop, the truth table uses notations and 
Q(t+i), to specify the Q value at the time t or at the next effective 
clock edge. In short, the JK flip-flop works like the SR latch, where 
J means 'set' and K means 'reset', but when both J and K inputs 
are asserted, the output values are just reversed, like it happens with 
the T flip-flop. 
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Figure 5.30. Positive edge JK flip-flop and truth table. 
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The JK flip-flop might require the clear or the preset input ports, 
but it is not strictly necessary as for the T flip-flop. Anyway, the 
following figure shows how to extend a D flip-flop with clear and 
preset inputs. 
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Figure 5.31. JK flip-flop made as an extended D flip-flop with 
clear and preset inputs. 
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It should be noticed that the T flip-flop is just a JK one with the 
inputs J and K connected together. 
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Figure 5.32. JK flip-flop adapted to work as a T one. 
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5. 1 1 Troublesome JK flip-flops 

Electronic flip-flops (D, JK, T) are currently produced with a specific 
technology that is not easily translated into common logic gates. The 
JK flip-flop obtained extending the D flip-flop works correctly, but 
there are other circuits inside the traditional documentation and data 
sheets that if reproduced with a simulator would not work as ex- 
pected. 

The following figure shows the circuit that can be found inside some 
original 7476 IC data sheets. This kind of circuit should be positive- 
edge triggered by the clock signal, but the timing diagram shows 
that it does not react this way and after the negative edge the circuit 
becomes unstable. 
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Figure 5.33. JK flip-flop circuit that does not work. 
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The following figure shows a master-slave JK flip-flop (negative- 
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edge triggered) that is described in the traditional documentation. 
This circuit might work, but it does not completely react as expected: 
if the J or K input signals are negated before the clock negative 
edge, when the clock negative edge actually comes they switch the 
flip-flop anyway. 

Figure 5.34. Master- slave JK flip-flop. 
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A register is a flip-flop array (D flip-flops are used commonly) by 
which it is possible to store binary values or to build a counter. It 
could be possible to build registers with gated latches, but the edge- 
triggered flip-flops are more reliable for the purpose. 

The following examples use D flip-flops following the classical im- 
plementation or derived from that kind of circuit. Therefore, these 
are positive-edge triggered flip-flops. 
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Figure 6.1. Classical D flip-flop. 
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Listing 6.2. Module Dl : Verilog gate level implementation for 
the classical D flip-flop. 



module Dl (Q, _Q, D, Ck, 
output Q, _Q; 
input D, Ck, _P, _C; 
wire wl, w2 , w3, w4; 
// 



_P, _C) ; 
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assign 


#6 


wl = 


~ (w3 


& 


Ck 


& 


_C) ; 


// 




assign 


#6 


w2 = 


~ (wl 


& 


Ck 


& 


w4) ; 


// 


g2 


assign 


#6 


w3 = 


~ (_P 


& 


w4 


& 


wl) ; 


// 




assign 


ii /-~ 

#6 


w4 = 


~ (w2 


& 


D 6 




_C) ; 


// 


g4 


assign 


ii 

#6 


Q = 


~ (_P 


& 


wl 


& 


_Q) ; 


// 




assign 


#6 


_Q = 


~ (Q 6 


if 


w2 6 




_C) ; 


// 


g6 


endmodule 



















Figure 6.3. Classical D flip-flop in parallel. 
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Listing 6.4. Module D : Verilog alternative code with a parame- 
terized bit-size, following the TKGate 2 syntax. 



module D # ( 


•N(l) ) (Q, _Q, D, Ck, _P, _C) ; 




output [N 


-1:0] Q, _Q; 




input [N- 


1:0] D; 




input Ck, 






wire [N-l 


: 0 ] wl , w2 r w3 , w4 ; 




// 






assign #6 


wl = ~ (w3 & {N{Ck}} & {N{_C}}); 


// gi 


assign #6 


w2 = ~ (wl & {N{Ck}} & w4); 


// g2 


assign #6 


w3 = ~({N{_P}} & w4 & wl); 


// g3 


assign #6 


w4 = ~ (w2 & D & {N{_C}}) ; 


// g4 


assign #6 


Q = ~ ({N{_P}} & wl & _Q) ; 


// g5 


assign #6 


_Q = ~ (Q & w2 & {N{_C}}) ; 


// g6 


endmodule 
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Figure 6.5. T flip-flop, derived from the D flip-flop. 
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Figure 6.6. JK flip-flop, derived from the D flip-flop. 
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Listing 6.7. Module JK1: Verilog code instantiating the D mod- 



ule (listing 6.4) with the name ml . 



module JK1 (Q, _Q, J, 


K, Ck, _P, _C) ; 




output Q, _Q; 






input J, K, Ck, _P, 


_C; 




wire wl, w2, D; 






// 






D #(1) ml (Q, _Q, D 


, Ck, _P f _C) ; 


// ml 


// 






assign #6 wl = Q & 


~K; 


// gi 


assign #6 w2 = J & 


_Q; 


// g2 


assign #6 D = wl 


w2 ; 


// g3 


// 






endmodule 







The figures appearing in the following sections might call the clock 
line either with the abbreviation Clk or Ck, but the flip-flops are 
meant to be edge-triggered, even if there is not the standard triangu- 
lar symbol for this purpose. 

6.1 Multiplexer 

To build a register is usually required to include one or more multi- 
plexers. The following figure and listing show a 2-to-l multiplexer, 
using NAND gates, where D n inputs and Y output lines have an un- 
specified size. 
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Figure 6.8. 2-to-l multiplexer. 
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Listing 6.9. Module MUX2tol : Verilog code for a 2-to-l multi- 
plexer conforming to the previous figure. 



module MUX2tol #(.N(1)) 


(Y, DO, 


Dl, A) ; 


output [N-1:0] Y; 






input [N-1:0] DO, Dl; 






input A; 






wire [N-1:0] wl, w2; 






// 






assign #4 wl = ~ (DO & 


{N{~A}}) 


; // gi 


assign #4 w2 = ~ (Dl & 


{N{A}}); 


// g2 


assign #4 Y = ~ (wl & 


w2 ) ; 


// g3 


endmodule 







6.2 Simple data register 

The simplest register is the one that can load a multi-bit value, stor- 
ing it until the input lines are enabled again. In the following figure, 
the value stored by the register can be read from the output lines (?3..o 
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and a new value can be loaded from the input lines D 3 .. 0 . The input 
value is loaded only when the input Load is asserted, otherwise the 
flip-flops just reload the previous value at every clock positive edge. 
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Figure 6.10. 4-bit register: when the Load input line is asserted 
and a positive edge clock is reached, the register loads the value 
available from the input lines / 3 .. 0 , otherwise the previous stored 
value is just kept as it is. 
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To allow a better understanding, the following figure shows how the 
register works when it is willing to receive the input data, removing 
the logic that switches the data sources: 
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When the register keeps the previous stored value, it works like the 
following figure: 
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I should be clear that the D flip-flop inputs are switched by a multi- 
plexer, as the following figure can clarify: 
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Load 



The simple data register has an important feature: it can be updated 
starting from the value that it contains already, when the positive 
clock edge is received. The following figure shows a data registers 
that might load a new data from a combinational circuit, which cal- 
culate something on the current register value: 
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The register output is connected to a combinational circuit that trans- 
forms the data in some unspecified way. The combinational circuit 
then feeds the register when the Load input is asserted and the clock 
reaches the positive edge. In practice this circuit does what could be 
formally written as x=f(x), or x^f(x) if the RTL notation (register 
transfer level) is used. 

Figure 6.15. n-bit data register. 



Listing 6.16. Module DR : Verilog code for a data register reusing 
the modules D (listing 6.4) and MUX2tol (listing 6.9), conform- 
ing to the previous figure. 

module DR #(.N(1)) (Q, D, L, Ck, _P, _C) ; 
output [N-1:0] Q; 
input [N-1:0] D; 
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input L, Ck, 








wire [N-1:0] 


wl f _Q; 






// 








MUX2tol # (N) 


ml (wl, 




L) ; 


D # (N) m2 (Q, 


_Q, wl, 


Ck, 


_P, _C) ; 


endmodule 









6.3 Shift register 

The following figure shows a register that can receive a single logic 
value from the input SD (serial data), when there is a positive edge 
clock signal. At this time, the first flip-flop on the right updates its 
value with the serial data obtained by the input SD, whereas the 
second flip-flop updates itself using the previous value from the first 
flip-flop and the same thing happens to the other flip-flops. 
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Figure 6.17. 4-bit shift register: when there is a positive edge 
clock signal, the input value is stored inside the first flip-flop on 
the right, whereas the second gets the old value from the first 
one, and so it continues up to the last flip-flop. Video: ogv http:/ 
/w ww.youtube.com/watch 7v=I_ncbpQnCZ4 . 
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A shift register, like the one that appears in the previous figure, can 
be extended so that it can load a value. In that case a Load input can 
be added to switch the register flip-flops, like the following figure 
shows. 
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Figure 6.18. 4-bit shift register with parallel load: when the input 
Load is asserted and the clock signal reaches the positive edge, 
the register stores the value that is available at the input Z) 3 .. 0 , 
otherwise, if the input Load is negated, each flip-flop is updated 
with the last value from the previous one, except the first that is 
updated from the serial input. 
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6.4 Asynchronous counter with T flip-flop 
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The counters are registers that increment or decrement their binary 
value at every clock pulse; the asynchronous ones contain flip-flops 
that are not connected to the same clock signal. The easiest counter 
is made of T flip-flops, because this kind of flip-flop, when the T in- 
put is asserted, inverts the output value each time it receives a clock 
pulse. The following figures show the use of cascaded T flip-flops, 
which means that each clock input is driven by the output of a pre- 
vious one: that is why these are asynchronous counters. 

Figure 6.19. 4-bit increasing asynchronous counter: the next flip- 
flop is driven by the Q output from the previous one. Video: ogv 
http://www.youtube.com/watch 7v=-mfL6B0w9UI . 
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Figure 6.20. 4-bit decreasing asynchronous counter: the next flip- 
flop is driven by the Q output from the previous one. Video: ogv 
http://www.youtube.com/watch 7v=fvhina5QEnI . 
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Asynchronous counters have the disadvantage that each binary digit 
is updated with a little delay, which is added to the next one. 

6.5 Synchronous T flip-flop counters 

Synchronous counters can be builded with T flip-flop, but in a dif- 
ferent way from what is described in the previous section. However, 
when these counters need to be modified to allow a parallel binary 
load, D flip-flops should be used instead. 
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Figure 6.21. 4-bit synchronous counter based on T flip- 
flops: the outputs are synchronous, but a little later than the 
clock impulse. Video: ogv http://www.youtube.com/watch?v= 
Nh5CzRopNdY . 
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The synchronous counter requires that the T input of the first flip- 
flop remains always asserted. However, controlling that input it is 
possible to pause the counting process, without clearing the current 
value. Therefore it is possible to add an enable input, controlling the 
T input of the first flip-flop, as the following figure shows in red. 
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Figure 6.22. 4-bit synchronous counter with enable input (En). 
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To obtain a decreasing counter it is enough to invert the outputs of 
each T flip-flop involved. 

Figure 6.23. 4-bit decreasing synchronous counter, with enable 
input. 



< Preset 




< Clear 



« 



6.6 Synchronous counters with D flip-flops 

It is generally more convenient to build synchronous counters using 
D flip-flops, as they can be easily extended to allow a parallel binary 
load. This section shows only equivalent examples of the previous 
one (with D flip-flops), but the following section is then related to 
the parallel load. 
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Figure 6.24. 4-bit ascending synchronous counter, with enable 
input, made of D flip-flops. 
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Figure 6.25. 4-bit decreasing synchronous counter, with enable 
input, made of D flip-flops. 
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Figure 6.26. Alternative 4-bit decreasing synchronous counter, 
with enable input, made of D flip-flops. 
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It is important to understand the logic added to the D flip-flops, 
which is made of simple half-adders or half-subtractors. 



Registers 



317 



Figure 6.27. The ascending synchronous counter contains a half- 
adder. 



A B 

V V 




A 


B 


Co 


HA 




S 



-<En 



< Preset 



-<Clk 



-< Clear 



Q 



318 



Registers 



Figure 6.28. The decreasing synchronous counter contains a half- 
subtractor. 
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The D flip-flops might be represented in a compact, parallel draw, 
where the ports Z>, Q and Q are bit vectors. In that case also the 
counter can be shown in a more compact way. The following fig- 
ure shows the use of a full-adder and a full-subtractor, because they 
allow to follow the concept in an easier and immediate way. 
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Figure 6.29. Compact representations. 




<En 




<En 



Q 



Clear ' Clear 

incrementing counter decrementing counter 

The compact representation allows to understand how to extend and 
possibly to simplify the logic. The following example replaces the 
enable input with the value to be added at each clock signal, value 
that might be either positive or negative, or even zero if no change 
should be applied. 



320 



Registers 



Figure 6.30. More general counter with variable increment. 
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6.7 Synchronous counters with parallel load 

The counter is complete only if it allows the parallel data load. The 
following figures show counters based on D flip-flops, allowing the 
parallel data load. 
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Figure 6.31. 4-bit synchronous counter with parallel data load: 
the input Load allows to load the value received by the inputs 
D3..0 into the flip-flops; otherwise, if the Load input is negated, 
the input En allows to increment or keep unchanged the previous 
value stored inside the register. 
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Figure 6.32. 4-bit synchronous decreasing counter with parallel 
load, similar to the previous figure. 
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Figure 6.33. 4-bit synchronous increasing and decreasing 
counter: the input / allows to select if the counter should increase 
or decrease. 
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Figure 6.34. 4-bit synchronous counter with parallel load: this is 
a simpler solution, where the increment value is free and might 
be positive, negative or zero. 
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Registers and combinational circuits are often grouped together, 
joining a set of connections (wires). This set of connections is what 
is known as bus. A bus where different components have the ability 
to write to and read from is usually a data bus, because it is used to 
exchange data between the components; however, it should be no- 
ticed that only one component at a time should be allowed to write 
to the bus, whereas for reading there is no limitation. 

7.1 Tri-state buffer 

A data bus can be implemented with a multiplexer or with tri-state 
buffers, which are components similar to buffers or inverters (de- 
pending on the type), but with an additional input that is used either 
to enable the output or to isolate it. The following figure shows the 
tri-state buffer compared to a traditional switch: 




0 = isolation 



0 = open circuit 

1 = closed circuit 



1 = buffer 
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Tri-state buffers or multiplexers, are necessary to control the bus 
writing. The tri-state buffer method is simpler and cheaper than the 
multiplexer, because the multiplexer would require more logic gates 
and a longer propagation delay. 

The following figures show the adaptation of a simple data register, 
using a tri-state buffer to connect it to a bus; then this kind of register 
is shown connected with others on a data bus, controlled by a control 
bus. 
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Figure 7.2. Simple data register adaptation for a data bus 
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Figure 7.3. Simplified diagrams for the same register adaptation. 
The input bus_read, or br, is used to load and store the bus value 
into the register, whereas the input bus_write, or bw, allows the 
register to write its stored value to the bus. 




bus_read 
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bus_write 

— < 




Bus3 0 0 0 ObusO 
Bus2 Busl 

Here are used the definitions "bus read" and "bus write", to identify 
respectively the actions to load a value from the bus and to put a 
value to the bus; however, some more formal documentation, when 
referring to registers, prefer the definitions "load" and "enable" in- 
stead, because the register loads data or is enabled to write its data. 
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Figure 7.4. Different components connected to the bus: the con- 
trol inputs used to enable reading or writing the bus, together 
with other potential control inputs, are connected to a secondary 
bus (the control bus). The second draw shows an alternative way 
to represent the connections to the control bus, picking a wire at 
a time. 
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7.2 Hardcoded bus control unit 

To direct properly the data bus usage it is necessary a control unit, 
which should be responsible to mark the phases of every process that 
is to be applied. To understand the problem the following diagram is 
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used (which is already appeared in the previous section), where three 
components communicate through a data bus, under the direction of 
a control bus (only data transfer operations are considered). 

Figure 7.5. Three components communicating through a data 
bus. 
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To mark the operation steps, the control unit needs a counter. There 
are two main types of control units, the first one is hardcoded, the 
second is microcoded. The hardcoded control unit requires a shift 
counter, which can be implemented as the following figure shows. 
What should be noticed reading the timing diagram is that the output 
control lines are active (asserted) before the clock impulse used to 
drive the data bus components: to obtain this result, the clock pulse 
used by the counter is inverted. 
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Figure 7.6. Shift counter used by the control unit: the clock signal 
is inverted, so that the output lines T n are already active when the 
clock positive margin reaches the data bus components. Video: 
ogv http://www.youtube.com/watch?v=vXco4E4SNTo . 
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The hardcoded control unit should put together a function decoder 
with the shift register outputs. For example, the function// of the di- 
agram should do the following: copy A to B, then copy B to C: the 
decoder activates the second line (labeled fl), then, with some AND 
gates the outputs Aw and Br are activated when the shift counter has 
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the To output active, then, the same way, the outputs Bw and Cr are 
activated when the shift counter has the Ti output active. The out- 
puts Aw, Br, Bw and Cr, activated at the proper time, following the 
shift counter direction, would enable the registers read- write, allow- 
ing the programmed data transfer. The control unit implementation 
that appears in the following figure is extremely simplified and the 
T 2 time is not even used; however, the time T 3 is used instead to 
stop the clock signal related to the control unit itself, which should 
be cleared to be able to accept a new command from the input/. 
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Figure 7.7. Control unit: only four simple functions are avail- 
able, for which two times are sufficient; therefore the time T 2 is 
unused and the time T 3 locks the control unit until the Run input 
is cleared and reactivated. Video: ogv http://www.youtube.com/ 
watch ?v=r-DZgjy-yaO . 
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Figure 7.8. Control unit connected to the components that 
should drive. Video: ogv http://www.youtube.com/watch?v=kp 
ET2kEcUIo . 

f J0:B<—A 

fl: C<—B<—A 
, 2 f2; C<—B 
J3: A<—C<—B 




7.3 Microcode 

The implementation of a hardcoded control unit is a complex work. 
For that reason is usually preferable a ROM memory (read only), 
divided into two parts: the map and the microcode. The two parts 
of the memory should be seen as two tables: the first one translates 
the desired function into an address to the second table, where the 
code for the related procedure starts. Please see the following figure, 
where on the left there is the control unit diagram and on the right 
there is the counter implementation. 
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Figure 7.9. Control unit implemented with ROM memories: on 
the left appears the control unit block diagram and on the right 
there is the detailed four-bit counter (the counter can be in- 
cremented or can load a new value). Video: ogv http://www. 
youtube.com/watch 7v=mBGhNP3 Uujs . 
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The two ROM memories are named, respectively, mO and mi . In the 
following figure is shown the content of these memories, using ta- 
bles, associating the memory address input (A) with the correspond- 
ing value that is returned from the memory data output (D). The 
mO memory of these examples uses only two bits for the addresses, 
which correspond to the function requested to the control unit that 
is known as operation code or opcode, whereas the data output has 
a 4-bit range, which in turn is the address for the ml memory, con- 
taining the microcode. 
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Figure 7.10. Memory contents and links between them. 
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The output from the mO memory is assigned to a counter; the counter 
output is used to access to the ml memory; the ml memory output 
is the microcode word used to control the bus and the same control 
unit itself. To allow a better understanding of the process, the various 
steps are listed below, assuming that the function f \ (opcode) has 
been requested. 

1 . When the system is started, the Run input is equal to 0 
(zero), which involves the counter reset to zero. As the counter 
starts from zero, from the ml memory is selected the value 
0000000 10 2 , which is the initial microcode word. The active bit 
of the microcode word is used to request the counter to load the 
value that comes from the memory mO (001 1 2 ), which produces 
the value corresponding to the address that represent the input 
function = 01 2 ). 
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2. Activating the Run input, at the clock negative edge (the global 
clock is inverted for the control unit) the counter loads the address 
from the mO memory (001 1 2 ) and offers the same value to the 
ml memory as an address. The ml memory produces the value 
000110000 2 as the new microcode word, which corresponds to 
the request to copy the register A to B . 

3. At the next clock negative edge the counter is incremented, se- 
lecting from the ml memory the address 0 1 00 2 which gives the 
value OIIOOOOOO2, which in turn corresponds to the request to 
copy the B content into C. 

4. At the next clock negative edge the counter is incremented again, 
selecting from ml the value corresponding to the address 0101 2 , 
which is 0000001 1 1 2 , which in turn corresponds to the request to 
clear the counter, loading the fixed value 0000 2 , and to suspend 
the clock signal received by the control unit. 

At this point, the execution cycle of a function is finished, but to 
start another cycle after another function is selected, it is necessary 
to disable and enable again the input Run . 
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Figure 7.11. Connection between the control unit and the other 
data bus components: the first three lines from the control bus 
are used inside the control unit itself and these are not useful to 
drive the data bus modules. 
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The ROM memories that are used in a control unit can be coded 
with the help of tools that allow a symbolic notation. For example, 
TKGate has a special compiler that produces map and microcode 
image files, starting from a single source file. Please notice that the 
function requested to the control unit are defined as labels inside 
the opcode map memory. The following source listing is compatible 
with the examples of this section. 

Listing 7.12. Opcode and microcode following the TKGate 2 
syntax. 



// MEMORIES: 

map bank [1:0] mO; 

microcode bank [8:0] ml; 
// 
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// MICROCODE WORD'S FIELDS: 



field ctrl_start [ 0] ; 
field ctrl_load [1 ] ; 
field stop [2] 
field a_br[3] 
field a_bw[4] 
field b_br [ 5 ] 
field b_bw[6] 
field c_br [ 7 ] 
field c_bw[8] 



// set the address to 0 

// load the counter 

// stop the clock 

// A < — jbus 

// A — > jbus 

// B < — jbus 

// B — > jbus 

// C < — jbus 

// C — > jbus 



// 



// FUNCTIONS 

op fO { 

map f 0 : 0 ; 
+0 [7 : 0] =0; 

}; 

op fl { 

map f 1 : 1 ; 
+0 [7 : 0] =1; 

}; 

op f 2 { 

map f 2 : 2 ; 
+0 [7 : 0] =2; 

}; 

op f 3 { 

map f 3 : 3 ; 
+0 [7 : 0] =3; 

}; 

// 



= OPCODES 
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// MICROCODE : 
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The map memory content is organized in opcodes: the operation 
code is the address in which is located inside the map memory; for 
example, the function f 2 has the opcode 2 (10 2 ): 
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op f 2 { 

map f 2 : 2 ; 
+0 [7 : 0] =2; 

h 

The figure that connects the mO and ml memories appears again 
below, with the addition of other details, to conclude the topic. 

Figure 7.14. Map (opcodes) and microcode. 
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TKGate 2 1 (http://www.tkgate.org ) is a Verilog design and simula- 
tion environment, which allows to make logic circuit programming 
starting from the graphical view, allowing even an easier Verilog 
testing. TKGate is well documented, but it might be difficult at the 
beginning to put all the things together and, unfortunately, some- 
times it does not work precisely as expected and some bugs need to 
be known. 



« 



There is a substantial difference between versions 1 and 2, but 
even if version 2 is not yet finished, this is the one that should be 
chosen, because of its coherence with Verilog. 



Before using TKGate 2 to build a significant project, even if the 
intention is to work entirely in a graphic way, it is very important to 



344 TKGate 2 introduction and troubleshooting 

know the Verilog basics, because all the concepts used by TKGate 
are taken from the Verilog language. 

The video ogv http://www.youtube.com/watch?v=ROEFsizmibY 
shows how TKGate 2 can be used to draw and test simple circuits, 
where some mistakes are made deliberately to get warnings from 
the simulator. Please notice that the files produced by TKGate are 
Verilog sources with special comments, instantiating predefined TK- 
Gate' s modules. 

8.1 Modules 

TKGate requires to organize the work into modules. There is at least 
the top level module, which is usually named main : a different name 
might be given to the top level one, but it is better to avoid this 
change. The top level module is the one that is run when the sim- 
ulation is started and, for that reason, is not instantiated. 

A simple circuit can be designed directly inside the top level mod- 
ule, but usually it is better to divide the work into small modules, 
especially if they can be reused. The TKGate' s module is exactly a 
Verilog one, but with an additional interface used to describe how 
this module should be seen graphically. 

When a module is created, like the example of the following figure, 
it is defined as a Verilog module, with the addition of comments to 
describe the graphical location of the components. 
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Figure 8.1. A simple NOR SR latch module 
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Listing 8.2. The code used by TKGate 2 to describe the module 
appearing in the above figure: at the moment the external graph- 
ical interface of the module is not defined. 

//: /netlistBegin srl 
module srl (Q, R, S, _Q) ; 

//: interface /sz:(40, 40) /bd:[ ] /pd: 0 /pi: 0 /pe: 0 /pp: 1 
output Q; //: /sn:0 {0} (360, 169) (368, 169) {1} 
//: {2} (372, 169) (402, 169) {3} 

//: {4}(370, 171) (370, 184) (321, 184) (321, 216) (339, 216){5} 

output _Q; //: /sn:0 {0} ( 339 , 17 1 ) ( 32 8 , 1 71 ) ( 32 8 , 1 94 ) ( 37 5, 1 94 ) ( 37 5, 2 17 ) {1} 
//: {2} (377, 219) (402, 219) {3} 

//: {4}(373,219) (366,219) (366,219) (360,219){5} 

input R; //: /sn : 0 {0} (302, 166) (320, 166) (320, 166) (339, 166) {1} 
input S; //: /sn:0 {0} ( 302 , 22 1 ) ( 32 0 , 22 1 ) ( 320 , 22 1 ) ( 339, 22 1 ) {1} 
/ / : enddecls 



//: OUT g4 (Q) 0(399,169) /sn:0 /w : [ 3 ] 
//: IN g3 (R) 0(300,166) /sn:0 /w:[ 0 ] 
//: IN g2 (S) 0(300,221) /sn:0 /w:[ 0 ] 

_GGNOR2 #(4) gl (.I0(Q), .I1(S), .Z(_Q)); // : 0(350,219) /w: [ 5 15] 

//: OUT g6 (_Q) 0(399,219) /sn:0 /w:[ 3 ] 

//: joint g7 (_Q) 0(375, 219) /w:[ 2 1 4 -1 ] 

//: joint g5 (Q) 0(370, 169) /w:[ 2 -1 1 4 ] 

_GGNOR2 #(4) gO (.I0(R), .I1(_Q), .Z(Q)); // : 0(350,169) /w:[ 1 0 0 ] 



endmodule 

//: /netlistEnd 
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The above Verilog code contains the instantiation of NOR gates, but 
in that case TKGate uses its own special module _GGNOR2. 

When the module interface (the module container) is described 
graphically, then the code is changed with this new data, replacing 
the original empty declaration. 

Listing 8.3. The graphical module wrapper is defined by a special 
Verilog comment. 

//: /net listBegin srl 
module srl (Q, R, S, _Q) ; 

//: interface /sz:(60, 48) /bd: [ LiO>R(33/48) Lil>S (12/48) 
^RoO<Q (12/48) Rol<_Q (34/48) ] /pd: 0 /pi: 0 /pe : 0 /pp: 1 

endmodule 

//: /netlistEnd 



The interface might be retouched with a text editor program, for ex- 
ample to set a particular size for better aesthetics. Anyway, when 
changing manually a TKGate file, a copy should be made before, 
because TKGate might not be able to understand the new one. 

The modules created directly as Verilog code work just like the other 
ones, except that the module internals can not be shown as circuits, 
but there is the advantage that behavioural code might be used and 
that the code editing might be done directly inside the TKGate file. 
Even in that case the modules require the graphical interface defini- 
tion, so that a box with wires can be drawn. 
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Listing 8.4. A Verilog module for TKGate 2. 



/ / : /hdlBegin sr2 




// : interface /sz: (60, 


48) /bd: [ LiO>R(33/48) Lil>S(12/48) RoO<Q(12/48) ^ 


^"Rol< 0(34/48) 1 /od- 0 


/ni • 0 /oe- 0 /dd ■ 1 


/ / : enddecls 




module sr2 (_Q, Q, S, R) 




output Q, Q; 




input S, R; 




nor # (4) gO (Q, R, _Q) 




nor # (4) gl (_Q, S, Q) 




endmodule 




//: /hdlEnd 





Please notice that for TKGate the graphical modules are netlist mod- 
ules, whereas the other type are defined as HDL modules. 

This video ogv http://www.youtube.com/watch?v= 
RFC9VYHEuWA shows the creation and instantiation of SR latch 
modules, as netlist and as HDL, using different ways for creating 
or copying the graphical interface, and even for changing the aspect 
ratio. 

8.2 Module library or cut and paste between files 

A module type can be copied inside the same TKGate file, probably 
with the purpose of changing something inside the new copy, but a 
module copy from a different file is not an intuitive task to do. There 
are two ways: including a 'library' or using a manual cut and paste 
with a text editor. 

TKGate allows to access other files, treating them as module li- 
braries. A library file can be any TKGate file containing modules 
(other modules than the top level one) and should be located in a 
directory that is meant to contain such libraries. The paths for the 
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directories that are intended to contain libraries are defined with the 
command Tool, Options, Libraries, Path. 

Figure 8.5. Library path configuration. 
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A library file can be included using the command File, Library man- 
ager, or with the library icon as the following picture shows. 
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this circuit. Library 
requirements are saved 
with the circuit and will be 
automatically loaded the 
next time you load this 
circuit. 



OK 



Cancel 



The modules from an included library can be instantiated as if they 
were common modules, but these modules can also be 'claimed', 
which means that they can be copied inside the current TKGate 
file. If the modules form external libraries are claimed, the li- 
brary can also be released (unloaded). The video ogv http://www. 
youtube.com/watch?v=8QlsTGcMLlU shows the inclusion of a li- 
brary, where a module is used, claimed and then the library itself is 
released. 

If a module from another file should be included, it might be cut and 
pasted with a text editor program, but this method works only if the 
original module does not instantiate any non-standard modules, or if 
these extra modules are already available (and compatible). 
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Wires can carry a single or multiple binary digits, but there is a limit 
that can not be exceeded with TKGate 2: 999. However, when wires 
are connected to switches and LEDs (used to test the modules), this 
value should not be higher than 32; moreover, in some other cases 
the limit is even lower: 31 bits. 

It is important to notice also that the bit-width should always be 
'little-endian' and starting from 0, which in this field means that 
should always be declared as [n : 0] , where n is a positive number, 
equal to width -1. 

Working graphically with TKGate' s built-in components, the bit- 
size might be changed using different methods, but not all of them 
work always: sometimes these components are turned into input- 
output ports. When this problem arises, the bit- width should be 
changed accessing the configuration of the component itself. 

Figure 8.7. The single switch should drive only a single bit. 
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Figure 8.8. The dip-switch can drive up to 32 bit: it can produce 
values from 00000000i 6 to FFFFFFFFi 6 . 
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Figure 8.9. Reduction logics can accept only up to 31 bit- wide 
input. 
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Figure 8.10. The input inversion with a 'bubble' might not work 
with multiple-bit connections. 
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Figure 8.1 1. TKGate includes built-in modules to simulate RAM 
and ROM memories: the address input should not exceed 31 bits. 
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Figure 8.12. The ROM or RAM data output can not be wider than 
32 bits. 
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8.4 Cut and paste troubles 

A whole circuit or a little piece of it might be copied, either inside the 
same module or into another one. If the copy is related to a portions, 
it might happen that TKGate pastes a wrong netlist, so that it is not 
able to save the file anymore. As it is not easy to predict this problem, 
after a cut-paste or copy-paste action, it is important to verify if it is 
possible to save: if it is not, the pasted circuit must be removed and 
a different way should be tried. 

Figure 8.13. TKGate is not able to save: maybe the last paste is 
not working fine and should be removed. 



© 



TkGate detetected a problem while trying to 
save the file 7mnt/sdb2/data/test-1.v'. The 
existing file has been left unmodified and the 
damaged file has been written to 
Vmnt/sdb2/data/test-1.v#save-18786#'. If you 
have checkpointing enabled you can try 
loading one of the checkpoint files. You can 
also use 'tkgate -V to check the integrety of a 
save file. 



OK 



The video ogv http://www.youtube.com/watch?v=http://www. 
youtube.com/JGKxcDzyt44 shows a copy and paste that works and 
another one that does not. 



« 



8.5 File PostScript and EPS 

The circuits drawn with TKGate might be 'printed', producing 
PostScript or EPS files. The PostScript or EPS files generated by 
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TKGate 2.0-blO have a flaw that do not allow Ghostscript to work 
properly. See the following PostScript/EPS code: 

/Courier-Lat inl /Courier findfont defLatinl 
/Courier-Bold-Lat inl /Courier-Bold findfont defLatinl 
/Courier-Italic-Latinl /Courier-Italic findfont defLatinl 
/Courier-Boldltalic-Latinl /Courier-Boldltalic findfont defLatinl 

/Helvet ica-Lat inl /Helvetica findfont defLatinl 
/Helvetica-Bold-Latinl /Helvetica-Bold findfont defLatinl 
/Helvetica-Oblique-Latinl /Helvetica-Oblique findfont defLatinl 

The lines appearing with a darker character produce a fatal error 
with Ghostscript, but it is possible to comment them out to avoid the 
problem, without harming the final typographical result: 

/Courier-Lat inl /Courier findfont defLatinl 
/Courier-Bold-Lat inl /Courier-Bold findfont defLatinl 
%/Courier-Italic-Latinl /Courier-Italic findfont defLatinl 
%/Courier-BoldItalic-Latinl /Courier-Boldltalic findfont defLatinl 

/Helvetica-Latinl /Helvetica findfont defLatinl 
/Helvetica-Bold-Latinl /Helvetica-Bold findfont defLatinl 
/Helvetica-Oblique-Latinl /Helvetica-Oblique findfont defLatinl 

To correct these files it is possible to make a script, using SED with 
a command like this: 

$ cat file.ps^ 

^ | sed "s/ A \/Courier-Italic/%\/Courier-Italic/g"^ 

^ | sed "s/ A \/Courier-BoldItalic/%\/Courier-BoldItalic/g"^ 

^ > fix.ps [Enter] 



8.6 Multiplexers, demultiplexers and encoders 
depiction 

« 

TKGate includes some built-in modules, especially multiplexers, de- 
multiplexers and encoders. These components are shown graphically 
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with numbered ports, which is important to identify each line. These 
special modules can be configured, for example specifying the port 
order; however, when these modules are printed, the port number- 
ing that appears in the PostScript/EPS file might be wrong. To avoid 
the printing problem, it is better to put a graphical comment with 
the port order, then the PostScript code responsible for the wrong 
numbering should be removed. 

Inside the PostScript or EPS file, every component has its own 'func- 
tion', declared inside the prolog. The following code extract shows 
the functions related to multiplexer and similar components, where 
the wrong code is commented out: 



/mux { 

dup /mrot exch def 

startgate 

8 rfont 

-29.5 15.5 moveto 
29.5 15.5 lineto 
16.5 -12.5 lineto 
-16.5 -12.5 lineto 
closepath stroke 

dup % n n 

1 add 58 exch div % n dl 

2 copy mul % n dl dn 
mrot -90 eq mrot -180 eq or { 

% 3-1 roll 1 sub 50 string cvs exch (0) exch % dl (n) (0) dn 

% -29 add 7 rCT % dl 

% exch -29 add 7 rCT 

} { 

% 3-1 roll 1 sub 50 string cvs exch % dl (n) dn 

% -29 add 7 rCT % dl 

% (0) exch -29 add 7 rCT 

} ifelse 
grestore 
} def 
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/demux { 












startgate 












8 rfont 












(demux) 0 5 rCT 












-16.5 12.5 moveto 












16.5 12.5 lineto 












29.5 -15.5 lineto 












-29.5 -15.5 lineto 












closepath stroke 












dup 








% 


n n 


1 add 58 exch div 








% 


n dl 


2 copy mul 








% 


n dl dn 


% 3-1 roll 1 sub 50 


string cvs 


exch 


% 


dl (n) dn 


% -29 add -12 rCT 










% dl 


% (0) exch -29 add - 


12 


rCT 








grestore 












} def 












/decoder { 












startgate 












8 rfont 












(dec) 0 5 rCT 












-16.5 12.5 moveto 












16.5 12.5 lineto 












29.5 -15.5 lineto 












-29.5 -15.5 lineto 












closepath stroke 












dup 








% 


n n 


1 add 58 exch div 








% 


n dl 


2 copy mul 








% 


n dl dn 


% 3-1 roll 1 sub 50 


string cvs 


exch 


% 


dl (n) dn 


% -29 add -12 rCT 










% dl 


% (0) exch -29 add - 


12 


rCT 








grestore 












} def 













The PostScript or EPS code can not be corrected otherwise, because 
these functions do not receive a parameter telling them the right port 
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order. 

Figure 8.17. Multiplexer, decoder and demultiplexer: on the left 
with the original port numbering, which might be wrong; on the 
right without port numbering. 
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Data distributors or demultiplexers 

74138 3-to-8 data distributor or demultiplexer 



74138 truth table. 
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74138 Verilog code. 

module h74138 (_Y, 
input [2:0] A; 
input _E0, _E1, E2; 
output [7:0] _Y; 
// 

function [7:0] f74138 



A, _E0, _E1, E2); 



if (_E0 == 
begin 
case 
0 
1 
2 
3 
4 
5 
6 
7 

endcase 
end 
else 
begin 

f 74138 
end 
endf unction 
// 

assign #8 _Y 
endmodule 



(input [2:0] A, input _E0, 
input _E1, input E2); 
0 && _E1 == 0 && E2 == 1) 



(A) 

f 74138 
f 74138 
f 74138 
f 74138 
f 74138 
f 74138 
f 74138 
f 74138 



8'blllllllO 
8'bllllll01 
8' blllllOll 
8'bllll0111 
8 f blllOllll 
8'bll011111 
8'bl0111111. 
8'b01111111; 



8'bllllllll; 



f74138 (A, _E0, _E1, E2); 
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74139 dual 2-to-4 data distributor or demultiplexer 



One half 74139 truth table. 



E 


Ai 


A 0 


Y 3 


Yi 


Yi 


Y 0 


1 


X 


X 


1 


1 


1 


1 


0 


0 


0 


1 


1 


1 


0 


0 


0 


1 


1 


1 


0 


1 


0 


1 


0 


1 


0 


1 


1 


0 


1 


1 


0 


1 


1 


1 



(1) 


-► 


Ea 


@ Vcc 


<- 


(16) 


(2) 


-► 


AaO 


Eb 


4- 


(15) 


(3) 


-► 


Aa1 


AbO 


4- 


(14) 


(4) 


4- 


YaO 


Ab1 


4- 


(13) 








i741 39 






(5) 


4- 


Ya1 


YbO 


-► 


(12) 


(6) 


4- 


Ya2 


Yb1 


-► 


(11) 


(7) 


4- 


Ya3 


Yb2 


-► 


(10) 


(8) 


-¥ 


GND 


Yb3 


■+ 


0) 






TOP VIEW 







Aa>^ 



A. 



Ab>^ 



2 



o 



0 



o- 



o- 



3 ° 



o- 



A 
Ea 



o 
<x> 
u 



()=> 

o- 
o- 

3o- 



A 
Eb 



• YaO 
> Yal 
^ Ya2 
Ya3 



> YbO 
-> Ybl 

Yb2 

> Yb3 



362 




^ Ya 



^ Yb 



74139 Verilog code. 



module h74139 (_Ya, _Yb, 


Aa, Ab, 


_Ea, 


_Eb) ; 


input [1:0] Aa, Ab; 








input _Ea, _Eb; 








output [3:0] _Ya, _Yb; 








// 








function [3:0] f74139 


(input [1 


:0] 


A, input _E) ; 


if (_E == 0) 








begin 








case (A) 
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0: f74139 = 4'blllO; 




1: f74139 = 4'bll01; 




2: f74139 = 4'bl011; 




3: f74139 = 4'b0111; 




endcase 




end 




else 




begin 




f74139 = 4'bllll; 




end 




endf unction 




// 




assign #8 _Ya = f74139 (Aa, 


_Ea) ; 


assign #8 _Yb = f74139 (Ab, 


_Eb) ; 


endmodule 
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74154 truth table. 
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74154 Verilog code. 



module h74154 (_Y 


, A, _E0, _E1) ; 






input [3:0] A; 








input _E0, _E1; 








output [15:0] _ 


Y; 






// 








function [15:0] 


f74154 (input 


[3:0] 


A, 




input 


_E0, 


input _E1 ) ; 


if (_E0 == 0 


&& _E1 == 0) 
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begin 



case 


(A) 








0: 


f 74154 


= 


16' 


blllllllllllllllO; 


1 : 


f 74154 


= 


16' 


bllllllllllllllOl; 


2 : 


f 74154 


= 


16' 


blllllllllllllOll; 


3: 


f 74154 


= 


16' 


bllllllllllllOlll; 


4 : 


f 74154 


= 


16' 


blllllllllllOllll; 


5: 


f 74154 


= 


16' 


bllllllllllOlllll; 


6: 


f 74154 


= 


16' 


blllllllllOllllll; 


7 : 


f 74154 


= 


16' 


bllllllllOlllllll; 


8 : 


f 74154 


= 


16' 


blllllllOllllllll; 


9: 


f 74154 


= 


16' 


bllllllOlllllllll; 


10: 


f 74154 


= 


16' 


blllllOllllllllll; 


11 : 


f 74154 


= 


16' 


bllllOlllllllllll; 


12 : 


f 74154 


= 


16' 


blllOllllllllllll; 


13: 


f 74154 


= 


16' 


bllOlllllllllllll; 


14 : 


f 74154 




16' 


blOllllllllllllll; 


15: 


f 74154 




16' 


bOlllllllllllllll; 


endcase 









end 
else 
begin 

f74154 = 16'bllllllllllllllll; 
end 
endf unction 
// 

assign #8 _Y = f74154 (A, _E0, _E1); 
endmodule 
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74238 3-to-8 data distributor or demultiplexer 



74238 truth table. 
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eF >- 
eT >- 

E2 > 



A> 



> 



> 



74238 Verilog code. 



—- Y 



module h74238 (Y, A, _E0, _E1, E2); 




input [2:0] A; 




input _E0, _E1, E2; 




output [7:0] Y; 




// 




function [7:0] f74238 (input [2:0] 


A, 


input _E0, 


input _E1, 


input E2 ) ; 




if (_E0 == 0 && _E1 == 0 && E2 = 


= 1) 


begin 




case (A) 




0: f74238 = 8'b00000001; 




1: f74238 = 8'b00000010; 




2: f74238 = 8'b00000100; 
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3 


, f74238 = 8'b00001000; 


4 


: f74238 = 8'b00010000; 


5 


f74238 = 8'b00100000; 


6 


, f74238 = 8'b01000000; 


7 


, f74238 = 8'bl0000000; 


endcase 


end 




else 




begin 




f74238 = 8'b00000000; 


end 




endf unction 


// 




assign #8 


Y = f74238 (A, _E0, _E1, E2); 


endmodule 
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Data selectors or multiplexers 

74150 1 -of- 1 6 data selector or multiplexer 

74150 truth table. 
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74150 Verilog code. 

module h74150 (_Y, D, A, E) ; 
input [15:0] D; 
input [3:0] A; 
input E; 
output _Y; 
// 

function f74150 (input [15:0] D, input [3:0] A, 

input E) ; 

if (E == 1) 
begin 

case (A) 



0: 


f 74150 


= 


~D 


:o] 


1 : 


f 74150 


= 


~D 


:n 


2 : 


f 74150 




~D 


:2] 
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f 74150 




~D 
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:5] 


6: 


f 74150 




~D 


:6] 
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f 74150 
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f 74150 




~D 


"15 



endcase 
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end 




else 




begin 




f74150 = 


i; 


end 




endf unction 




// 




assign #8 _Y = 


f74150 (D, A, E) ; 


endmodule 
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74151 l-of-8 data selector or multiplexer 



74151 truth table. 
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A> 7^ 



D0>- 



D1>- 



D2>- 



D3>- 



D4>- 



D5>- 



D6>- 



D7>- 



A2 



A2 



A1 



74151 Verilog code. 



A1 



AO 



AO 



A 
E 



> 



> Y 



module h74151 (Y, 


_Y f D, 


A, 


E) ; 


input [7:0] D; 








input [2:0] A; 








input E; 








output Y, _Y; 








// 








function f74151 


( input 


[7: 


0] D, input [2:0] A, 




input 


E) ; 
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if (E == 1) 
begin 

case (A) 



0 


f 74151 


= D 


[0] ; 


1 


f 74151 


= D 


[i] ; 


2 


f 74151 


= D 


[2] ; 


3 


f 74151 


= D 


[3] ; 


4 


f 74151 


= D 


[4] ; 


5 


f 74151 


= D 


[5] ; 


6 


f 74151 


= D 


[6] ; 


7 


f 74151 


= D 


[7] ; 



endcase 



end 
else 
begin 

f74151 = 0; 
end 
endf unction 
// 

assign #8 Y = f74151 (D, A, E) ; 
assign #8 _Y = ~Y; 
endmodule 
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74153 dual l-of-4 data selector or multiplexer 

« 



half 74 153 truth table. 
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Ea >- 
DaO>- 

Da1 >- 

Da2> 

Da3>- 



Eb > 

DbO> 



Db1 > 

Db2>- 

Db3>- 



A> — 7 





S1 


1 




0 





so 
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"1 
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> 



> 



> 



74153 Verilog code. 



Ya 



^ Yb 



module h74153 (Ya, 


Yb, Da, Db, A, 


_Ea, 


_Eb ) ; 


input [3:0] Da, 


Db; 






input [1:0] A; 








input _Ea, _Eb; 








output Ya, Yb; 








// 








function f74153 


(input [3:0] D, 


input 


[1:0] A, 




input _E) ; 






if (_E == 0) 








begin 









382 



case (A) 








0: f74153 


= D [ 0 ] ; 






1: f74153 


= D [ 1 ] ; 






2: f74153 


= D [2] ; 






3: f74153 


= D [ 3 ] ; 






endcase 








end 








else 








begin 








f 74 153 = 0; 








end 








endf unction 








// 








assign #8 Ya = f74153 (Da, 


A, 


_Ea) ; 


assign #8 Yb = f74153 (Db, 


A, 


_Eb) ; 


endmodule 
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74157 quad l-of-2 data selector or multiplexer 



74157 truth table. 
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Db>— 7^ 
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74157 Verilog code. 



module h74157 


(Y, 


Da, Db, A, _E) ; 




input [3:0] 


Da, 


Db; 




input A; 








input _E; 








output [3:0] 


Y; 






// 








function [3: 


0] 


f74157 (input [3: 


0] Da, 






input [3: 


0] Db, 
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input A, 


input _E) ; 


■ ( — / t — i r\ \ 

if (_E == 0) 






begin 






case (A) 






0: f74157 = 


Da; 




1: f74157 = 


Db; 




endcase 






end 






else 






begin 






f 74 157 = 0; 






end 






endf unction 






// 






■ II / — \ t -r r — i — i n -i i — i — i 

assign #8 Y = f74157 


(Da, Db, A, 


_E) ; 


endmodule 
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Special circuits 



« 



74148 8-to-3 priority encoder 

The 74148 is a priority encoder with negated inputs and outputs. It 
has an enable input and an enable output, used to activate the encoder 
and to allow concatenation with other 74148 modules. The output 
selects the higher input index and the module concatenation starts 
from the higher input module, as the last picture shows. The output 
GS (group select) is asserted if at least an input D n is asserted. 



74148 truth table. 
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74148 Verilog code. 

module h74148 (_GS, _Eo, _Y, _Ei, _D) ; 
input _Ei; 
input [7:0] _D; 
output _GS, _Eo; 
output [2:0] _Y; 
// 

function [2:0] f74148y (input _Ei, 

input [7:0] _D) ; 

if (_Ei == 0) 
begin 

if (~_D & 8'bl0000000) 

f74148y = 3'b000; 
else if (~_D & 8'b01000000) 

f74148y = 3'b001; 
else if (~_D & 8'b00100000) 

f74148y = 3'b010; 
else if (~_D & 8'b00010000) 

f74148y = 3'b011; 
else if (~_D & 8'b00001000) 

f74148y = 3'bl00; 
else if (~_D & 8'b00000100) 

f74148y = 3'bl01; 
else if (~_D & 8'b00000010) 

f74148y = 3'bllO; 
else if (~_D & 8'b00000001) 

f74148y = 3'blll; 
else 

f74148y = 3'blll; 
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end 



else 



f74148y = 3'blll; 
endf unction 

function f74148gs (input _Ei, input [7:0] _D) ; 
if (_Ei == 1) 

f74148gs = 1; 
else if (_D == 8'bllllllll) 

f74148gs = 1; 



f74148gs = 0; 
endf unction 

function f74148eo (input _Ei, input [7:0] _D) ; 
if (_Ei == 1) 

f74148eo = 1; 
else if (_Ei == 0 && _D == 8'bllllllll) 

f74148eo = 0; 
else 

f74148eo = 1; 
endf unction 



else 



// 



assign #8 
assign #8 
assign #8 



Eo 



Y 



GS 



f 74148y (_Ei, _D) ; 
f74148gs (_Ei, _D) ; 
f74148eo (_Ei, _D) ; 



endmodule 
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A chain of two 74148. 
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Arithmetic units 

7483 4-bit binary full-adder 

The 7483 is a 4-bit binary full-adder with carry-lookahead. The input 
carry is labeled C 0 , whereas the output carry is C 4 . 



7483 truth table. 
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7483 Verilog code. 



S1 



> 
> 



:)C> 



ED" 

I 

O- 



S2 



S3 



C4 



S 



module h7483 (C4, 


s, 


A, B, CO); 


input [3:0] A, 


B; 




input CO; 






output C4; 






output [3:0] S; 






// 






assign #12 {C4, 


s} 


= A + B + CO; 


endmodule 
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A chain of two 7483, 
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7485 4-bit magnitude comparator 

The 7485 is a 4-bit magnitude comparator that can be extended with 
other 7485 to increase the bit-size comparison. First are compared 
the inputs A and B, then, if they are equal, the values form ABO, 
BAO and EQO are used. The inputs ABO, BAO and EQO can be 
used to connect another 7485 which compares less significant digits. 



7485 truth table. 
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4 
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7485 Verilog code: the output ports GJo, EQo and LJ<? do not 
react exactly in the same way when A and B are equal and the 
input ports GTi, EQi and LTi have incoherent values. 

module h7485 (GTo, EQo, LTo, A, B, GTi, EQi, LTi); 
input [3:0] A, B; 
input GTi, EQi, LTi; 
output GTo, EQo, LTo; 
wire GT, EQ, LT; 
// 



398 



assign 


#6 


GT = 


A > 


B; 




assign 


#6 


EQ = 


A = 


= B; 




assign 


#6 


LT = 


A < 


B; 




// 












assign 


#6 


GTo 


= EQ 


?GTi 


: GT; 


assign 


#6 


EQo 


= EQ 


?EQi 


: EQ; 


assign 


ii 

#6 


LTo 


= EQ?LTi 


: LT; 


endmodule 
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A chain of two 7485, 
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74181 x o' ALU 
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The 741 8 1 can work in four different modes, but not all of them have 
properly calculated values for the G and P ports, which should be 
used by a carry lookahead generator. Only two of the four working 
modes are taken into consideration in this chapter and the one de- 
scribed in this section has the ports A, B, F, G and P are "active 
low": in this mode the output ports required by a carry lookahead 
generator are correctly working as expected. 1 

The 74181 has the AeqB output port that is almost useless: it be- 
comes active only when the F (or F) output is equal to 111 1 2 ; on 
the other hand, this ALU does not have an output for the overflow 
condition. 



74 1 8 1 operation table. 
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A 16-bit ALU with four 74181. 
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A 16-bit ALU with four 74181 and the 74182 as carry lookahead 
generator. 
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74181 x b' ALU 
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In this mode the 74181 works using the ports A, B and F as "active 
high" whereas the ports CO and C4 are "active low", but this way 
the outputs G and P do not produce the correct value and should not 
be used. 2 



74 1 8 1 operation table. 
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A 16-bit ALU with four 74181: the carry lookahead generator 
can not be used when input and output data are used as "active 
high", because the output ports G and P do not work properly. 
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74182 carry lookahead generator 
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A 16-bit ALU with 74182 and other ICs. 
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74381 4-bit ALU 

« 



The 74381 is a 4-bit ALU that uses the 'G' and 'P' values to allow 
the carry propagation. If a bigger bit- size is required, this component 
needs the 74182 for the carry lookahead. 



74381 truth table. 
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A 16-bit ALU with 74381 and other ICs. 
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A 16-bit ALU with four 74382. 
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1 The input port B might be used as "active high" and the operation 
table should be modified reversing all the B values: the G and P 
output would work correctly. 

2 The input port B might be used as "active low" and the operation 
table should be modified reversing all the B values, but the G and P 
output would not work either. 



427 



428 



References 



« 



• Wikipedia, George Boole, http://en.wikipedia.org/wiki/George_ 
Boole 

•Wikipedia, Augustus De Morgan, http://en.wikipedia.org/wiki/ 
Augustus_De_Morgan 

• Wikipedia, Maurice Karnaugh, http://en.wikipedia.org/wiki/ 
Maurice_Karnaugh 

• Albert Paul Malvino, Jerard A. Brown, Digital Computer Elec- 
tronics, Glencoe/Mcgraw-Hill http://www.amazon.it/Digital- 
Computer-Electronics-Albert-Malvino/dp/0028005945 

• Stephen Brown, Zvonko Vranesic, Fundamentals of Dig- 
ital Logic with Verilog Design, Mcgraw-Hill http://www. 
amazon.com/Fundamentals-Mcgraw-Hill-Electrical-Computer- 
Engineering/dp/0072823151 ; Flip- Flops, Registers, Counters, 
and a Simple Processor, http://highered.mcgraw-hill.com/sites/ 
dl/ free/0072823 1 51/56549/vra23 1 51_ch07.pdf 

• Olivier Carton, Circuits et architecture des ordinateurs, http:/ 
/www.liafa.jussieu.fr/~carton/Enseignement/Architecture/archi. 
pdf 

• Mark Gordon Arnold, Verilog Digital Computer Design: 
Algorithms to Hardware, Prentice Hall PTR http:/ /www. 
amazon.com/Verilog-Digital-Computer-Design-Algorithms/dp/ 
0136392539 ; Verilog hardware description language, http:// 
www.pearsonhighered. com/samplechaptei i0136392539.pdf 

• IEEE, IEEE standard verilog hardware description language, 



429 



h ttp://www.google. com/search ?q=IEEE+standard+verilog+ 
hardware+description+language 



430 



Part ii 

Simple CPU 

« 

9 A simple 8-bit CPU: version "A" 437 

9. 1 Version ' Al": fetch and execution 440 

9.2 Version "A2": memory index 475 

9.3 Version 'A3": general purpose registers 488 

9.4 Version "A4": ALU 495 

9.5 Version "A5": flags 531 

9.6 Version "A6": branching 550 

9.7 Version "A7": stack 562 

9.8 Version "A8": I/O 581 

10 Version "B": optimization 605 

10.1 Uniform registers 608 

10.2 Module "RAM" 610 

10.3 Module "SEL" 615 

10.4 Module 'ALU" 615 

10.5 Module "TTY": the terminal 616 

10.6 Module "CTRL": control unit 622 

10.7 Memories, fields, arguments and opcodes 626 

10.8 Microcode 644 

10.9 Macrocode: routine call 664 

10.10 Macrocode: keyboard input and screen output 666 

10.11 Version "B2" 668 



431 



1 1 Version "C": 16-bit little-endian 673 

11.1 General purpose 16-bit registers 676 

11.2 Module "BUS" 680 

11.3 Module "ALU" 681 

11.4 Module "SEL" 692 

11.5 Module "RAM" 693 

11.6 Module "IRQ" 695 

11.7 Module "IVT" 707 

11.8 Module "CTRL" 710 

11.9 Opcodes 713 

11.10 Microcode 742 

11.11 Interrupts management 762 

11.12 Module "RTC": real time clock 765 

11.13 Module "TTY" 766 

11.14 Module "HDD" 772 

11.15 Macrocode: terminal usage example, through interrupts 
780 

12 Version "D" 783 

12.1 General purpose registers 786 

12.2 Module "VRw" 790 

12.3 Module "RAM" 793 

12.4 Module "ALU" and related submodules 796 

12.5 Module "BUS" 804 

12.6 Module "IRQ" 805 

12.7 Modules "Dw" 807 



432 



12.8 Module "IVT" 809 

12.9 Module "RTC": real time clock 812 

12.10 Module "TTY" 813 

12.11 Module "HDD" 818 

12.12 Module "CTRL" 824 

12.13 Memory and microcode fields 830 

12.14 Opcodes 836 

12.15 Microcode 872 

12.16 Macrocode 929 

13 Version "E" 931 

13.1 General purpose modules 934 

13.2 Module "MEM" 941 

13.3 General purpose registers 946 

13.4 Module "ALU" and related submodules 950 

13.5 Module "BUS" 958 

13.6 Module "IRQ" 959 

13.7 Module "IVT" 961 

13.8 Module "RTC": real time clock 962 

13.9 Module "TTY" 963 

13.10 Module "HDD" 968 

13.11 Module "CTRL" 974 

13.12 Memory and microcode fields 978 

13.13 Opcodes 983 

13.14 Microcode 1019 

13.15 Macrocode 1058 



433 



14 Version "F": 32-bit registers, big-endian, privileges 1061 

14.1 General purpose modules 1065 

14.2 Addition modules 1069 

14.3 Multiple clock lines 1073 

14.4 Bus 1076 

14.5 Registers: simple and with post-increment 1078 

14.6 Memory segmentation 1080 

14.7 Module "DA" 1082 

14.8 Module "CA" 1083 

14.9 Modules "M" and "RAM" 1084 

14.10 Module "IR" 1090 

14.11 Module "MD" 1091 

14.12 Module "IRQ" 1093 

14.13 Module "IVT" 1095 

14.14 Module "ALU" 1096 

14.15 Module "FL" 1105 

14.16 Module "TTY" 1108 

14.17 Module "HDD" 1113 

14.18 Module "CTRL" 1119 

14.19 Memory and microcode fields 1122 

14.20 Opcodes 1125 

14.21 Data initialization 1158 

14.22 Microcode 1159 

14.23 Process mode and interrupts 1 190 

14.24 Macrocode example: 'memcpy' 1191 

434 



14.25 Macrocode example: TTY with interrupt 1194 

14.26 Macrocode example: user and supervisor 1197 

References 1209 



435 



436 



437 

A simple 8-bit CPU: version "A" 

9 . 1 Version "A 1 " : fetch and execution 

9.2 Version "A2": memory index 

9.2.1 Loading instructions 

9.2.2 Storing instructions 

9.3 Version "A3": general purpose registers 

9.4 Version "A4": ALU 

9.4.1 Instruction "not" 

9.4.2 Instruction "and" 

9.4.3 Instruction "or" 

9.4.4 Instruction "xor" 

9.4.5 Instruction "lshl" and "lshr" 

9.4.6 Instruction "ashl" and "ashr" 

9.4.7 Instruction "rotl" and "rotr" 

9.4.8 Instruction "add" 

9.4.9 Instruction "sub" 

9.5 Version "A5": flags 

9.5.1 Instruction "rotcl" and "rotcr" 

9.5.2 Instruction "add_carry" 

9.5.3 Instruction "sub_borrow" . . . 

9.6 Version "A6": branching 

9.7 Version "A7": stack 



438 A simple 8-bit CPU: version "A" 

9.7.1 Instruction "push" and "pop" 576 

9.7.2 Instruction "call" and "return" 578 

9.8 Version "A8": I/O 581 

9.8.1 Communication with asynchronous devices 581 

9.8.2 I/O devices implementation 583 

9.8.3 External appearance of the synchronous interfaces . 590 

9.8.4 Synchronous keyboard interface 591 

9.8.5 Synchronous display interface 593 

9.8.6 The CPU data bus with the I/O interfaces 597 

9.8.7 Instruction "out" 603 

9.8.8 Instruction "in" 604 

fetch 440 macrocode 440 microcode 440 microcode word 440 
microinstruction 440 opcode 440 operation code 440 



Here is introduced the development of a simple CPU, gradually 
adding components and functions, up to a very simple computer. 
Initially, it is only a CPU with 8-bit registers, including those used 
for the addressing inside the RAM memory, which is thus limited to 
a maximum of 256 bytes. 



Attachments 


Description 


attachments/xcpu/xcpu-al . v 


TKGate Verilog netlist source file 
for the CPU version "Al". 


attachments/xcpu/xcpu-al .gm 


TKGate microcode and 
macrocode source file for the 
CPU version "Al". 


attachments/xcpu/xcpu-a2. v 


TKGate Verilog netlist source file 
for the CPU version "A2". 
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Attachments 



attachments/xcpu/xcpu-a2.gm 



attachments/xcpu/xcpu-a3. v 



attachments/xcpu/xcpu-a3.gm 



attachments/xcpu/xcpu-a4. v 

attachments/xcpu/xcpu-a4-not. 
gm 

attachments/xcpu/xcpu-a4-and. 
gm 

attachments/xcpu/xcpu-a4-or.gm 

attachments/xcpu/xcpu-a4-xor. 

gm 
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attachments/xcpu/xcpu-a4-ash. 

gm 

attachments/xcpu/xcpu-a4-rot.gm 

attachments/xcpu/xcpu-a4-add. 

gm 

attachments/xcpu/xcpu-a4-sub. 
gm 

attachments/xcpu/xcpu-a5. v 



Description 

TKGate microcode and 

macrocode source file for the 

CPU version "A2". 

TKGate Verilog netlist source file 

for the CPU version "A3". 

TKGate microcode and 

macrocode source file for the 

CPU version "A3". 

TKGate Verilog netlist source file 

for the CPU version "A4". 



TKGate microcode and 
macrocode alternative source 
files for the CPU version "A4". 



TKGate Verilog netlist source file 
for the CPU version "A5". 
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Attachments 


Description 


attachments/xcpu/xcpu-a5-rotc. 
gm 

attachments/xcpu/xcpu-a5-addc. 
gm 

attachments/xcpu/xcpu-a5-subb. 
gm 


TKGate microcode and 
macrocode alternative source 
files for the CPU version "A5". 


attachments/xcpu/xcpu-a6. v 


TKGate Venlog netlist source file 
for the CPU version "A6". 


attachments/xcpu/xcpu-ao.gm 


TKGate microcode and 
macrocode source file for the 
CPU version "A6". 


attachments/xcpu/xcpu-a7. v 


TKGate Venlog netlist source file 
for the CPU version "A7". 


attachments/xcpu/xcpu-a7 -push- 
pop. gm 

attacnments/xcpu/xcpu-a /-cail- 
return.gm 


TKGate microcode and 
macrocode alternative source 
files for the CPU version "A7". 


attachments/xcpu/xcpu-a8. v 


TKGate Venlog netlist source file 
for the CPU version "A8". 


attacnments/xcpu/xcpu-ao-Kua. 
vpd.tcl 


T'/^T / r ~T , 1 ' . -I . j . , 1 1 

TCL/Tk script related to the key- 
board module KBD. 


attachments/xcpu/xcpu-a8-dsp. 
vpd.tcl 


TCL/Tk script related to the screen 
module DSP. 


attachments/xcpu/xcpu-a8-out. 
gm 

attachmen ts/xcpu/xcpu-a8-in.gm 


TKGate microcode and 
macrocode alternative source 
files for the CPU version "A8". 



9. 1 Version 7\1 " : fetch and execution 

« 

In its first attempt, the CPU consists only of registers useful to access 
the memory, to read the opcode that should be executed, as shown 



A simple 8-bit CPU: version "A" 

in the next figure. 
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A simple 8-bit CPU: version "A" 



Figure 9.2. Simple CPU version "Al 
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The simpler module that can be analyzed is the oscillator, which 
provides the clock signal. It is an oscillator constructed with a series 
of inverting logic gates, to create a propagation delay sufficient to 
produce an oscillation at a manageable frequency. To activate the 
oscillation is required an initial pulse, which, after a short time to 
zero, is activated permanently. The next figure shows the oscillator 
and the start pulse necessary for activation. It is important to note 
that the series of inverter gates must be in odd number, as if it were a 
single inverter gate, but with a long propagation delay. The result is 
then given to a frequency divider, composed in this case of a chain of 
synchronous T flip-flops; the output is made of many lines grouped 
together, each of which allows to select an oscillation at a different 
frequency. The frequency divider is initialized by the same initial 
pulse, starting from 0 on all output lines. In the case of the examples 
is used a very low frequency, obtained from the last stage of division. 

Figure 9.3. Oscillator used for the clock signal. 
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Figure 9.4. Frequency divider used inside the oscillator module: 
the divider is made of 12 T flip-flop, but the figure shows only 
four of them. 
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The initial impulse is produced by a component synthesized through 
the Verilog code because otherwise it would be necessary to use ana- 
log electronic components and their discussion is beyond the scope 
of this study. 
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Figure 9.5. Verilog code for TKGate, relative to the trigger mod- 
ule used to start the oscillation: the output is initially zero, and af- 
ter a brief moment it passes to one, thus remaining permanently. 

module one_up (Z) ; 
output Z; 
reg Z; 
initial 
begin 

Z = 1'bO; 

// wait 1 ms: the timescale is 1 ns 

#1000000; 

// activate the output value 

Z = l'bl; 

end 
endmodule 

The control unit, contained in the CTRL module, is very similar to 
the one described in section 7.3, with the difference that the input 
is identified by the 8-bit variable / (the letter T stands for 'instruc- 
tion') and that the output has a much higher bit range, forcing to use 
two memory units in parallel. The counter that is used to scan the 
instructions in the final block of memory has a total of 16 bits, but 
for convenience, two 8-bit counters were used in cascade. The input 
/ of the control unit is fed by the IR register content (instruction 
register). 
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Figure 9.6. Control unit: first there is the 8-bit counter module 
(microprogram counter) based on D flip-flops; then it appears 
the detail of the counter, in two alternative implementations. 
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The modules IR, MAR and MDR, are simple data registers, con- 
structed with D flip-flops, connected to the bus through tri-state 
buffers. From these registers it is possible to pick up a copy of the 
value stored by an additional output, called data. The register IR 
(instruction register), already mentioned, has the purpose to keep the 
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opcode that the control unit should execute; the register MAR (mem- 
ory address register) has the purpose to keep the memory address to 
which the memory is to be accessed; the register MDR (memory 
data register) is used to accumulate what is read from the memory 
for some reason or what is to be written to the memory. 
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Figure 9.7. Registers IR, MAR and MDR. The diagram on the 
right is a compact version of the same circuit. 
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The PC module is a register similar to the others, with the difference 
that it may increase the value that it contains when the input Inc is 
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asserted. The register PC {program counter) is intended to contain 
the memory address of the next opcode to be executed. 

Figure 9.8. Counter register PC. The diagram on the right is a 
compact, equivalent circuit. 
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The RAM module is substantially different from the others, as it 
contains the RAM used by the CPU. This memory is accessed 
through the address provided via the 8 -bit Addr input, but also the 
content of the memory is organized in 8 -bit cells. The module shares 
with the others the same inputs to control the data bus access, but 
when the RAM module receives the address and the data bus read 
is enabled, the value in memory is updated immediately (except for 
the propagation delay), without waiting until the clock pulse reaches 
a positive edge. 

The RAM module receives the address from the MAR register, 
which is dedicated to hold the memory address to which the memory 
access should be done. 

Figure 9.9. Module RAM. The logic network that controls the 
inputs br and bw , should prevent the simultaneous read and write 
of the data bus. 
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The first thing that the structure described above should do is to load 
an opcode instruction, followed by the execution of it: this is known 
as fetch cycle. In this structure the PC register contains the address 
of the instruction to be executed: this value must be transferred to 
the MAR register and the PC register is incremented: the instruc- 
tion is obtained from the RAM at the address specified by the MAR 
register and it is copied to the IR register. This can be summarized 
as follows: 

1. MAR ^ PC 

2. PC++ 

3. IR^RAM[MAR] 

The following figures show just three steps, pointing out the values 
of br, bw and Inc inputs, with LEDs, which turn red when the line 
to which they are connected is activated. The figures show the time 
when the clock signal becomes active. 
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Figure 9.10. First phase: it is requested to the PC register to send 
its value to the data bus and to the MAR register to read it. This 
implements in practice the operation MAR <— PC. 
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Figure 9.11. Second phase: it is requested to the PC register to in- 
crease by one. This implements in practice the operation PC++. 
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Figure 9.12. Third phase: it is requested to the RAM to send the 
value at the address pointed by the MAR register to the data bus 
and it is requested to the IR register to load it. This implements 
in practice the operation IR^ RAM [MAR]. 




Within the control unit (the CTRL module) the time is marked in the 
same way, apart from the fact that the counters cnt are driven by an 
inverted clock signal, to anticipate the activation of the control lines 
with respect to the data bus. Initially the counters of the control unit 
are cleared, so that they point to the first microinstruction, which 
is the request to perform the operation MAR ^ PC '. Then, the mi- 
crocode counter (the group of the two counters cnt) is incremented 
and the new value points to the second microinstruction, which is the 
request to increase the PC register. Then, there is a further counter 
increase, bringing to the microinstruction IR^- RAM [MAR]. 
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Figure 9.13. First phase: the counters of the control unit are reset 
and the initial microinstruction is MAR^PC . 
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Figure 9.14. Second phase: the set of counters has been increased 
and the microinstruction produced is PC++. 
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Figure 9.15. Third phase: the set of counters has been increased 
and the microinstruction produced is IR^- RAM [MAR]. 
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At this point, the control unit has received the opcode from the input 
/ and it is ready to execute it. To do this, the next microinstruction 
requires the microcode counter to accept the input value. This value 
is the content of the memory bank mO at the address represented by 
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the opcode itself. The value obtained from the memory bank mO is 
the microcode address to be executed. In the examples of the figures, 
the opcode is OOOOOOOO2 that is named not_operate (do nothing). 

Figure 9.16. Fourth phase: the counters of the control unit are 
loaded with the value from the memory bank that translates the 
opcode instruction into a microcode address. 
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Figure 9.17. Final phase: the counters of the control unit have 
been increased and point to the next microinstruction. Since the 
original instruction (not_operate) did not require the perfor- 
mance of any operation in the data bus, the current microinstruc- 
tion requires to the microcode counter group to reset to zero. The 
reset is done by loading the counters with zero through the mul- 
tiplexer that controls the input of these counters. 
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After resetting the counters of the control unit, it all starts from the 
initial microcode (the first three phases) which requires to load a 
new instruction. During the fourth phase (jump to the microcode 
execution of the requested opcode) and during the final phase (jump 
to the microcode implementing the initial fetch cycle), inside the 
data bus nothing happens. 

Figure 9. 18. During the fourth phase (jump to the microcode exe- 
cution of the requested opcode) and during the final phase (jump 
to the microcode implementing the initial fetch cycle), inside the 
data bus nothing happens. 
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To stop the operation of the described circuit, there is the stop in- 
struction (1111111 1 2 ), which stops the clock signal. The figure be- 
low shows this situation. 
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Figure 9.19. The data bus when the instruction stop is exe- 
cuted: the control line CON 35 is activated, which then blocks the 
clock signal. To resume execution from that point, overcoming 
the stop, the switch located near the LED that is active should be 
turn on and off again. 




There should be available two videos that demonstrate the execution 
of only two instructions (macroinstructions): 

1. not_operate 

2. stop 

The first video ogv http://www.youtube.com/watch?v=8MahVvy 
BUOo shows what happens in the data bus, whereas the second 
one shows what happens inside the control unit ogv http://www. 
youtube.com/watch?v=pPxCQz7IFbM . 

To describe the content of the memory banks, including the RAM, a 
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source file is used. The source file is written according to the syntax 
suitable for TKGate 2 (gmac precisely). The first directives describe 
the memory banks, which are organized this way: ctrl.mO is the first 
memory bank at the top of the control unit, ctrl.ml and ctrl.m2 are 
the two memories that contain the microcode, which are located at 
the bottom of the diagram of the control unit, ram.m3 is instead 
contained in the RAM module of the data bus and it contains the 
macrocode that initially is limited only to not_operate and stop. 



map 


bank [7 : 0] 


Ctrl . mO ; 


microcode 


bank [31 : 0] 


Ctrl . ml ; 


microcode 


bank [35:32] 


Ctrl .m2 ; 


macrocode 


bank [7 : 0] 


ram . m3 ; 



464 



A simple 8-bit CPU: version "A" 



Figure 9.21. Where are located the memory banks. 
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The source file then continues with the fields that divide each mi- 
crocode word (the memory cell used to represent a single microin- 
struction, made of ctrl.ml and ctrl.ml joined together). For exam- 
ple, the least significant bit is called ctrljstart, while the most sig- 
nificant is called stop. It should be noticed that not all the 36 bit of 
the microcode word are described, because at the moment the code 
is limited to represent the reduction of the CPU in its first version. 



field 


ctrl_start [ 0 ] ; 


// start from address 0 


field 


ctrl_load [ 1 ] ; 


// load Inside the counter 


field 


pc_br [ 2 ] ; 


// PC < — jbus 


field 


pc_bw [ 3 ] ; 


// PC — > jbus 


field 


pc_Inc [ 4 ] ; 


// PC++ 
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field 


mdr_br [ 9 ] ; 


// MDR < — bus 


field 


mdr_bw [10], 


// MDR — > jbus 


field 


mar_br [ 11 ] , 


; // MAR < — bus 


field 


mar_bw [ 12 ] , 


; // MAR — > jbus 


field 


ram_br [ 13 ] , 


; // RAM [mar] < — jbus 


field 


ram_bw [ 14 ] , 


; // RAM [mar] — > jbus 


field 


ir_br [15] ; 


// IR < — jbus 


field 


i r_bw [16] ; 


// IR — > jbus 


field 


stop [ 35 ] ; 


// stop clock 



The source file then describes the types of operands that the macroin- 
structions may have. It is expected to manage instructions without 
operands, or with only a single 8-bit operand. The meaning of the 
syntax used to describe the type op_0 and the type op_l should be 
intuitive: the former means no argument, while the latter means the 
presence of a single numeric 8-bit argument. 



operands 


op_0 { 


// 




// [■ 


7 


// 




}; 


{ I; 


operands 


op_l { 


// 




// [■ 


7 [nnnnnnnn ] 


// 




#1 = 

}; 


{ +1=#1[7:0]; }; 
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There are then the opcode descriptions. For example, the instruction 
not _ope rate is equal to the zero opcode (00000000 2 ), while the 
jump instruction has the opcode 15 (00001 1 1 1 2 ). It should be noticed 
that in the first case (not _ope rate) there are no arguments, while 
in the second one an argument is required. 



op not_operate { 

map not operate : 0; 

+0 [7 : 0] =0; 






operands op_0; 

}; 






op jump { 

map jump : 15; 
+0 [7 : 0] =15; 


// 


jump to ffnn 


operands op_l ; 

}; 






op stop { 

map stop : 255; 
+0 [7 : 0] =255; 


// 


stop 


operands op_0; 

}; 







Then begins the microcode definition, which is placed starting from 
the first microcode word (address zero of the pair of memories 
ctrl.ml and ctrl.m2). It begins from the description of the fetch and 
it ends with a jump to the microcode associated to the loaded op- 
code. Then, at the end of the description of each opcode (in the form 
of microcode), it is required to jump back to the first microinstruc- 
tion, which repeats the fetching cycle. 

begin microcode @ 0 
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// 






fetch : 






mar_br pc_bw; 


// 


MAR < — PC 


pc_Inc; 


// 


PC++ 


i r_b r r am_b w ; 


// 


IR < — RAM [MAR] 


ctrl_load; 


// 


jump to the 




// 


microcode implementing 




// 


the loaded opcode 


not_operate : 






ctrl_start ctrl_load; 


// 


jump to a new fetch 


// 






jump : 






mar_br pc_bw; 


// 


MAR < — PC 


pc_br ram_bw; 


// 


PC < — RAM [MAR ] 


ctrl_start ctrl_load; 


// 


jump to a new fetch 


// 






stop : 






stop; 


// 


stop clock 


// If the clock signal is 






// resumed manually : 






ctrl_start ctrl_load; 


// 


jump to a new fetch 


// 






end 
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Figure 9.26. Match between the contents of the memory that rep- 
resents the microcode (the couple of memory banks ml and ml 
inside the control unit) and the microcode description itself. 
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Finally, it starts the macrocode, or assembler code, which should be 
placed inside the RAM memory: 



begin macrocode @ 0 
start : 

not_operate 
stop 

end 
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start: 



Figure 9.28. Macrocode contained inside the RAM memory. The 
memory cells marked with "xx" have an unspecified and un- 
known value. 
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Table 9.29. Macroinstructions list for this first stage of the CPU 
development. 



Syntax 


Description 


not_operate 


Do nothing, just go to the next instruction. 


jump %ref 


Jump to the instruction that is located at the 
specified address in memory. 


stop 


Stop the clock. 



The source file described above should be available at attachments/ 
xcpu/xcpu-al .gm . It follows the procedure to compile th source file 
with gmac20, the TKGate 2 code compiler: 



$ gmac20 -o x.mem -m x.map ^ 
^ xcpu-a 1 . gm [Enter] 



The compilation produces the file 'x.mem' that contains the images 
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for all the memory banks. It is a text file and it looks like this: 

^memory ctrl.ml 
@0 

808 10 cOOO 2 3 808 4004 3 
0 3 

^memory ctrl.m2 
@0 

00000000 
8 0 

@memory ctrl.mO 

@0 
4 

@f 
5 

@f f 

8 

^memory ram.m3 
@0 

0 ff 
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The compilation produces also the file 'x . map' that contains the mi- 
crocode and macrocode maps; that is, the addresses of known labels: 



Mi ptpjppjH^ 


o _y 1 L Li*J KJ _1_ o 


(t Of Pl 1 = 


4 ) - 




fetch 








00000000 


jump 








00000005 


not_operate 






nnnnnnnzi 


stop 








00000008 


Macrocode 


Symbols 


y LU Lai 






Global 




Local 






start 








00000000 



The file 'x . mem', produced by the compilation, is used by TKGate 2 
to load the initial memory banks' contents. But an additional script 
is necessary: 

module LM ( ) ; 
initial 
begin 

$readmemh ("x.mem") ; 
end 
endmodule 



This is a simple module — called LM inside the TKGate Verilog 
netlist source — that should be placed somewhere, just to make it 
work at the beginning of the TKGate simulation. The script is re- 
sponsible to load the file 'x . mem' in the memory banks. 

The TKGate 2 Verilog netlist source should be available at 
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attachments/xcpu/xcpu-al.v and TKGate might be used to exper- 
iment with this CPU version using the following command: 

$ tkgate20 xcpu-al . v [Enter] 

This first CPU version has also another instruction, not yet experi- 
mented: jump. The jump is done with the following steps: 

1. MAR <- PC 

2. PC ^— RAM [MAR ] 

That is: the MAR register receives a copy of the PC register, which 
contains the address following the jump opcode. At the MAR ad- 
dress, the memory contains (should contain) another address, which 
is copied back to the PC register (and no increment is applied to the 
PC register). 

The jump opcode precedes an argument: a number representing a 
memory address, which is the place where the PC register should 
point, so that the next instruction would be the one located at the 
new address position. When the argument is read, it is not sent to the 
IR register, because it is not an opcode. 

The following macrocode example shows an infinite loop. Please 
notice that the TKGate compiler transforms the string # start into 
the address matching the label start inside the RAM memory: as 
the label start appears at the first position, it matches to the address 
zero. 

begin macrocode @ 0 
start : 

not_operate 
jump #start 
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stop 

end 



Figure 9.34. RAM memory content: the memory cells marked 
with "xx" have an unknown and unspecified value. 
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As it is an infinite loop, the stop is never reached. The follow- 
ing figures show what happens on the data bus after the instruction 
not _ope rate is executed. 
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Figure 9.35. The jump opcode is loaded and the PC register is 
pointing to the address following it; the MAR register is loading 
the memory content at the address pointed by PC. 
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Figure 9.36. The PC register is loaded with the value contained 
in memory at the address pointed by the MAR register. 
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There should be available a video showing the example above: ogv 
http://www.youtube.com/watch 7v=Z8bT08WjYYc . 

9.2 Version 7\2": memory index 

The second CPU subversion adds only a special register, named / 
(index), which should contain a memory index. It should be used 
to read and write the RAM memory through an index that could be 
managed. The / register is made the same way as MDR, MAR and 
IR. 



« 
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Figure 9.37. Simple CPU version "A2". 
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Inside the code that describes the microcode word's fields, the fol- 
lowing fields are added: they are used specifically to manage the / 
register: 



field 


i_br [29] ; 


// I 


< — bus 


field 


i_bw[30] ; 


// I 


— > bus 



Inside the opcode list there are new instructions and the same is for 
the microcode description: 



op load_ref 
{ 

map load_ref : 
+0 [7 : 0] =1; 


i; 


// 


load from address #nn 


operands op_l ; 

}; 








op load reg 

{ 

map load_reg : 
+0 [7 : 0] =2; 


2; 


// 


load from address %I 


operands op_0; 

}; 








op store_ref { 
map store_ref 
+0 [7 : 0] =3; 


: 3; 


// 


store to address #nn 


operands op_l; 

}; 








op store_reg { 
map store_reg 
+0 [7 : 0] =4; 


: 4; 


// 


store to address I 


operands op_0; 
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}; 

op move_mdr_i { 








map move_mdr_i : 


11; 


// move 


MDR to I 


+0 [7 : 0] =11; 








operands op_0; 

}; 








op move_i_mdr { 








map move_i_mdr : 


12 ; 


// move 


I to MDR 


+0 [7 : 0] =12; 








operands op 0; 

}; 









begin microcode @ 0 






load_ref : 






mar_br pc_bw; 


// MAR 


< — PC 


pc_Inc; 


// PC++ 


// The RAM memory does not 


have a 


clock, 


// thus, it Is not possible to do 


just 


// MAR < — RAM [MAR ] 






i_br ram_bw; 


// I <- 


— RAM [MAR] 


mar_br i_bw; 


// MAR 


< — I 


mdr_br ram_bw; 


// MDR 


< — RAM [MAR] 


ctrl_start ctrl_load; 


// CNT 


< — o 


// 






load_reg : 






mar_br i_bw; 


// MAR 


< — J 


mdr_br ram_bw; 


// MDR 


< — RAM [MAR] 


ctrl_start ctrl_load; 


// CNT 


< — o 
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// 








store_ref : 








mar_br pc_bw; 




// 


MAR < — PC 


pc_Inc; 




// 


PC++ 


i_br ram_bw; 




// 


I < — RAM [MAR] 


mar_br i_bw; 




// 


MAR < — J 


r am_b r md r_b w ; 




// 


RAM [MAR] < — MDR 


ctrl_start ctrl_ 


.load; 


// 


CNT < — 0 


// 








store_reg : 








mar_br i_bw; 




// 


MAR < — J 


r am_b r md r_b w ; 




// 


RAM [MAR] < — MDR 


ctrl_start ctrl_ 


.load; 


// 


CNT < — 0 


// 








move_mdr_i : 








i_br mdr_bw; 




// 


I < — MDR 


ctrl_start ctrl_ 


.load; 


// 


CNT < — 0 


// 








move_i_mdr : 








mdr_br i_bw; 




// 


MDR < — I 


ctrl_start ctrl_ 


.load; 


// 


CNT < — 0 


end 
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Figure 9.41 . Match between the contents of the memory that rep- 
resents the microcode (the couple of memory banks ml and ml 
inside the control unit) and the microcode description itself. 
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Table 9.42. Macroinstructions added for this version of the sim- 
ple CPU. 



Syntax 


Description 


load_ref %ref 


Load reference: it loads the value con- 
tained in memory, at the specified address, 
into the MDR register. The / register loads 
the argument. 
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Syntax 


Description 


-L Odd. L try 


Load register: it loads inside the MDR reg- 
ister me value contained m memory, at me 
address pointed by the / register. 


store_ref #ref 


Store reference: it copies into the memory, 
at the address specified by the argument, 
me value contained inside me MiJK regis- 
ter. The / register loads the argument. 


o L O L e L e y 


Store register: it copies into the memory, 
at me address pointed uy me 7 register, tne 
value contained inside the MDR register. 


move_mdr_i 


n copies me iviuix register mio me i reg- 
ister. 


move_i_mdr 


n copies me i register mio me iviumx reg- 
ister. 



9.2.1 Loading instructions 

« 

As a first example, the following macrocode is proposed: 



begin 


macrocode @ 0 


start 


• 




load_ref #data_l 




move_mdr_i 




load_reg 


stop : 






stop 


data_ 


1: 




.byte 3 


end 
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The address matching the label data_l is loaded into the MDR 
register (it is the address 5). Then, MDR is copied into / (it is the 
value 3). Then, the value contained in memory at the address pointed 
by / is copied to MDR. At the address 3 there is the instruction 
load_reg which has the opcode 2: that is, at the end the MDR 
register contains the value 2. The full source should he available at 
attachments/xcpu/xcpu-a2.gm . 

Figure 9.44. RAM memory content: the memory cells marked 
with "xx" have an unknown and unspecified value. 
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Figure 9.45. Data bus after the execution of the load example 
above. Video: ogv http://www.youtube.com/watch?v=AXUSrH 
49cF49w 




9.2.2 Storing instructions 

The following example shows the usage of the instructions 
store_ref and store_reg: 



« 



begin macrocode @ 0 
start : 

load_ref #data_l 
store_ref #data_2 
move_mdr_i 
store_reg 



stop : 



stop 
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data_l : 








. byte 


15 


data_2 : 








. byte 


0 


end 







The MDR loads the value contained in memory at the address 
matching the label data_l (it loads the value 15). Then, the MDR 
content is written in memory at the address represented by the label 
data_2 (the value 15 is written at the address 8, replacing the pre- 
vious 0). Then, the MDR is copied to / (the / register will get the 
value 15). Then, at the address pointed by /, the memory is written 
with the value contained inside MDR (the value 15 is written at the 
address 15). 
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Figure 9.47. RAM memory before the execution. 
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Figure 9.48. RAM memory after the execution of the 
store_ref instruction. 
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Figure 9.49. RAM memory at the end. 
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Figure 9.50. Data bus after the execution of the store example 
above. Video: ogv http://www.youtube.com/watch?v=lHxx3SR 
56hE56 




9.3 Version "A3": general purpose registers 

The third subversion of the simple CPU adds two registers, at the 
moment without any particular purpose: A and B. These registers 
are made in the same way as /, MDR, MAR and IR. 
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Figure 9.51. Simple CPU version "A3 
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Inside the code that describes the microcode word's fields, the fol- 
lowing fields are added: they are used specifically to manage the A 
and B registers: 



field 


a_br [17] ; 


// A 


< — bus 


field 


a_bw [18]; 


// A 


— > bus 


field 


b_br [27] ; 


// B 


< — bus 


field 


b_bw[28] ; 


// B 


— > bus 



Inside the opcode list there are new instructions and the same is for 
the microcode description: 



op move_mdr_a { 
map move_mdr_a : 


5 • 


// 


move 


MDR to A 


+0 [7 : 0] =5; 










operands op_0; 

}; 










op move_a_mdr { 
map move_a_mdr : 


6 ; 


// 


move 


A to MDR 


+0 [7 : 0] =6; 










operands op_0; 

}; 










op move_mdr_b { 
map move_mdr_b : 


7; 


// 


move 


MDR to B 


+0 [7 : 0] =7; 










operands op_0; 

}; 










op move_b_mdr { 
map move_b_mdr : 


8; 


// 


move 


B to MDR 


+0 [7 : 0] =8; 










operands op_0; 
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}; 



begin microcode @ 0 










... 

move_mdr_a : 










a_b r mdr_bw ; 




// 


A <- 


— MDR 


ctrl_start ctrl_ 


.load; 


// 


CNT 


<— o 


// 










move_a_mdr : 










mdr_br a_bw; 




// 


MDR 


< — A 


ctrl_start ctrl_ 


.load; 


// 


CNT 


<— o 


// 










move_mdr_b : 










b_b r mdr_bw ; 




// 


B <- 


— MDR 


ctrl_start ctrl_ 


.load; 


// 


CNT 


<— o 


// 










move_b_mdr : 










mdr_br b_bw; 




// 


MDR 


< — B 


ctrl_start ctrl_ 


.load; 


// 


CNT 


< — 0 


end 
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Figure 9.55. Match between the contents of the memory that rep- 
resents the microcode (the couple of memory banks ml and ml 
inside the control unit) and the microcode description itself. 
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Table 9.56. Macroinstructions added for this version of the sim- 
ple CPU. 



Syntax 


Description 


move_mdr_a 


It copies the MDR content into the A reg- 
ister. 


move_a_mdr 


It copies the A content into the MDR reg- 
ister. 


move_mdr_b 


It copies the MDR content into the B reg- 
ister. 


move_b_mdr 


It copies the B content into the MDR reg- 
ister. 



It follows a macrocode example where some data is loaded from 
memory and stored inside the A and B registers: 
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begin 


macrocode @ 0 


start : 






load_ref #data_l 




move_mdr_a 




load_ref #data_2 




move_mdr_b 


stop : 






stop 


data_l 


• 




.byte 17 


data_2 


• 




.byte 11 


end 





It loads into the MDR register the value 17 (located in memory at 
the address matching the label data_l) and then it copies the loaded 
value into the A register. Then it does the same with the value 1 1 
(located in memory at the address matching the label data_2) that 
is copied into the B register. The full source file should be available 
at attachments/xcpu/xcpu-a3.gm . 
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Figure 9.58. RAM memory content: the memory cells marked 
with "xx" have an unknown and unspecified value. 
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Figure 9.59. Data bus after the execution of the above example. 
Video: ogv http://www.youtube.com/watch?v=9qVsCKmxcdk 




At the moment, the simple CPU under development is not able to 
copy the content of a register to another one, without the media- 
tion of the MDR register. In other words, there is no move_a_b 
instruction and the intended action is obtained instead with two 
steps: move a mdr and then move mdr b. That is made to keep 
the project very simple as long as possible. 

9.4 Version WT: ALU 

The fourth subversion of the simple CPU receives an ALU 
{arithmetic -logic unit), including the ability to shift and rotate bits, 
but at the moment there is no management of flags (there are no 



« 
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carry, sign, zero and overflow flags). 
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Figure 9.60. Simple CPU version "A4" 
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Figure 9.61. The ALU structure: the red lines have an 8-bit size, 
while the black lines are single bit ones. 




f=0: NOT A (Carry and Overflow unchanged) 

f=1 : A AND B (Carry and Overflow unchanged) 

f=2: A OR B (Carry and Overflow unchanged) 

f=3: A XOR B (Carry and Overflow unchanged) 

f=4: logic shift left 

f=5: logic shift right 

f=6: arithmetic shift left 

f=7: arithmetic shift right 

f=8: rotation left 

f=9: rotation right 

f=10: rotation left with carry 

f=1 1 : rotation right with carry 

f=12: A plus B with carry 

f=13: A minus B with carry 

f=14: A plus B with no carry 

f=1 5: A minus B with no carry 
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Figure 9.62. Module shift, responsible to do bit shifts and bit 
rotations. 
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Figure 9.63. Module sh, contained inside the shift module, to 
shift the bits. 
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[1] Arithmetic shift: 

- the shift should be arithmetic; 

- it should be a right shift; 

- the most significant bit should be 1. 
[2] Overflow: 

- the shift should be arithmetic; 

- the most significant bit should not 
have changed. 

[3] Connection to the most significant 

digit or to the sign. 
[4] Connection to the least significant digit. 
[CI] Left carry: 

- it should be a left shift; 

- the original most significant digit is 1. 
[Cr] Right carry: 

- it should be a right shift; 

- the original least significant digit is 1. 
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Figure 9.64. Module as, which is able to add or subtract the in 
puts. 
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Inside the code that describes the microcode word's fields, the fol- 
lowing fields are added: they are used specifically to manage the 
ALU. Please notice that the ALU has the ability to write to the bus, 
but it can not read directly from it, because the ALU does not re- 
ceive data from the bus; moreover, the ALU requires to control the 
function applied to the input data. 

field alu_f [22 : 19] ={ 



not_a=0 , 
a_and_b=l , 
a_or_b=2 , 
a_xor_b=3 , 
logic_shif t_lef t=4 , 
logic_shif t_right=5 , 
arith_shif t_lef t=6 , 
arith_shif t_right=7 , 
rotate_lef t=8, 
rotate_right=9 , 
rotate_carry_lef t=10 , 
rotate_carry_right=l 1 , 
a_plus_b_carry=12 , 
a_minus_b_borrow=l 3 , 
a_plus_b=14 , 
a minus b=15 



}; 



field alu_bw[23]; 
field f l_ar [24] ; 



// ALU 
// FL < 



> bus 



ALU 



The field fl_ar can be ignored at the moment, because it will be use- 
ful only in the next subversion of the CPU, when the status flags will 
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be managed. Currently, inside the microcode, there are references 
to the field fl_ar, because in the next CPU subversion there will be 
the register FL, which currently is missing. There are many new 
opcodes for the ALU functions: 



op not { 

map not : 32 ; 

tU [ / . UJ -jZ, 


// A 


< — 


NOT A 


operands op 0; 

}; 








op and { 

map and : 33; 
tu [ / . u j -j j, 


// A 


< — 


A AND B 


operands op 0; 

}; 








op or { 

map or : 34; 

tU [ / . U J - J'i, 


// A 


< — 


A OR B 


operands op 0; 

}; 








op xor { 

map xor : 35; 

tu [ / . U J — jj, 


// A 


< — 


A OR B 


operands op 0; 

}; 








Op -LSll-L 

map Ishl : 36; 
+0 [7 : 0] =36; 


// A 


< — 


A « 1 


operands op 0; 

}; 








op lshr { 
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map lshr : 37; 
+0 [7 : 0] =37; 
operands op 0; 

}; 


// A 


< — 


A 


» 1 




op ashl { 

map ashl : 38; 
+0 [7 : 0] =38; 
operands op 0; 

}; 


// A 


< — 


A 


«< 1 




op ashr { 

map ashr : 39; 
+0 [7 : 0] =39; 
operands op 0; 

}; 


// A 


< — 


A 


»> 1 




op rotl { 

map rotl : 40; 
+0 [7 : 0] =40; 
operands op 0; 

}; 


// A 


< — 


A 


rotate 


left 


op rotr { 

map rotr : 41; 
+0 [7 : 0] =41; 
operands op 0; 

}; 


// A 


< — 


A 


rotate 


right 


op add { 

map add : 4 6; 
+0 [7 : 0] =46; 
operands op 0; 

}; 


// A 


< — 


A 


+ B 
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op sub { 




map sub : 47; 


y y _ _ 

// A < — A - B 


+0 [7 : 0] =47; 




operands op_0; 

}; 





begin microcode 


(a 0 








not : 












a_br 


alu_f = 


not 3l alu bw fl ar; 




// 


a ^ AT/TP 7\ 
A < JMU1 A 


ct rl_ 


.start 


r^l - t~ 1 1 n^H • 

O 1— J_ _L J_ \-J CL f 




// 


CNT < — 0 


// 












and : 












a_br 


alu_f = 


a and b alu bw fl ar; 




// 


a ^ a a att» d 

A < A AND a 


ct rl_ 


.start 


L LI _l_ _L U CLU. f 




// 


CMT < n 


// 












or : 












a_br 


alu_f = 


a o r b a 1 u b w f 1 a r ; 




// 


A < A UK a 


ct rl_ 


.start 


LLI _1_ J_ UaU f 






CUT <r fl 


// 












xor : 












a_br 


alu_f = 


a xor b alu bw fl ar; 




/ / 


A < A JiUrl a 


ct rl_ 


.start 


L- J_ X _L QJ a. LI ^ 




// 


CUT < fl 


// 












lshl : 












a_br 


alu_f = 


luyiC bill 1 L lei L alii UW 


J L 


dl f 




ct rl_ 


.start 


ct rl_load; 






// C2VT < — 0 


// 












lshr : 












a_br 


alu_f = 


logic_shif t_right alu_bw 


fl 


_ai 


; // A < — A » 1 


ct rl_ 


.start 


ct rl_load; 






// CNT < — 0 


// 












ashl : 












a_br 


alu_f = 


arith_shif t_lef t alu_bw 


fl_ 


ar; 


// A < — A*2 


ct rl_ 


.start 


ct rl_load; 






// CNT < — 0 
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// 








ashr : 








a_br 


alu_f 


=arith_shif t_right alu_bw 


fl_ar; // A < — A/2 


ct rl_ 


.start 


ct rl_load; 


// CNT < — 0 


// 








rotl : 








a_br 


alu_f 


=rotate_left alu_bw fl_ar; 


// A < — A rot. left 


ct rl_ 


_start 


ct rl_load; 


// CNT < — 0 


// 








rotr : 








a_br 


alu_f 


=rotate_right alu_bw fl_ar 


; // A < — A rot . right 


ct rl_ 


.start 


ct rl_load; 


// CNT < — 0 


// 








add : 








a_br 


alu_f 


=a_plus_b alu_bw fl_ar; 


// A < — A + B 


ct rl_ 


.start 


ct rl_load; 


// CNT < — 0 


// 








sub : 








a br 


alu_r 


=a_minus_b alu_bw fl_ar; 


// A < A — a 


ct rl_ 


.start 


ct rl_load; 


// CNT < — 0 


end 
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Figure 9.68. Match between the contents of the memory that rep- 
resents the microcode (the couple of memory banks ml and ml 
inside the control unit) and the microcode description itself. 
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<07 
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o 
-o 



3i 



- £ < 

3 v.'/ *.// 

\ en i ctr ; 



4 



X \ \ \ iff / 



O ■ 
_C ; 

O 

a 



b35 b34 b33 b32 b31 b30 b29 b28 b27 b26 b25 b24 b23 b22 b21 b20 bl9 bl8 bl7 bl6 bl5 bl4 b!3 bl2 bll blO b9 



b7 b6 b5 b4 b3 b2 bl bO 



ashl: 
























1 


1 


0 


1 


1 


0 




1 


0 










0 










0 






















0 










0 




















































1 


1 



ashr: 
























l 


l 


0 


l 


l 


l 




1 


0 








































i 




























c 




































1 


1 



rod: 
























l 


l 


l 


0 


0 


0 




1 


0 
































c 
























0 


















0 






























1 


1 



rofr: 










0 














l 


l 


l 


0 


0 


1 




1 










0 










0 


0 








0 






















i 














1 
























c 








0 






1 


1 


1 



add: 
























l 


l 


l 


l 


l 


0 




1 


0 










0 










0 




















































































1 


1 



sub: 














0 










1 


1 


1 


1 


1 


1 




1 


0 




0 










0 






0 




0 
















1 










1 




























1 










1 










1 






1 


1 




b35 


b34 


b33 


b?2 


b31 


b30 


b29 


b28 


b27 


b26 


h25 


b24 


b23 


b22 


b2l 


b20 


b!9 


bl8 


b!7 


blfj 


bis 


b!4 


bl3 


bl2 


bll 


bll) 


b9 


b8 


b7 


b6 


b5 


b4 


b3 


b2 


bl 


bO 



v v. 



0=not A 
1=Aand B 
2=A or B 
3=A xor B 
4=A « 1 
5=A » 1 
6=A « 1 arith 
7=A » 1 arith 
8=A rot left 
9=A rot right 
A=A rot carry left 
B=A rot carry right 
C=A plus B carry 
D=A minus B borrow 
E=A plus B 
F=A minus B 



\4 



Table 9.69. The new macroinstructions for the current CPU ver- 
sion. Some C and Verilog language notation is used to simplify 
the description. 



Syntax 


Description 


not 


A=~A 

One's complement of A. 
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Syntax 


Description 


a V"l 

dl Id. 


A=A&B 

it is assigned to A the result 01 A AJNJJ />, 
bit per bit. 




A =A\ B 

It is assigned to A the result of A OR 5, 
bit per bit. 


\7 ^> "K^ 

XUI 


A=A A B 

It is assigned to A the result of A XOR B, 
bit per bit. 


1 qV|l 

±bll± 


A = A « 1 

it is assigned to A me logic snilt leit oi one 
bit from the previous value of A . 


_L o XIX 


A = A » 1 

It is assigned to A the logic shift right of 
one bit from the previous value of A . 


ashl 


A = A «< 1 

It is assigned to A the arithmetic shift left 
of one bit from the previous value of A (it 
is the same as the logic shift left). 


ashr 


A = A »> 1 

It is assigned to A the arithmetic shift right 
ot one Dit trom the previous value oi A (the 
sign is kept the same). 


rotl 


Tt i q j^QQioriprl to A thp rpQiilt of" on p hit ro- 
tation left from the original value of A . 


rotr 


Tt i q fiQQi crnprl to A thp rpQiilt of onp Hit ro- 

tation right from the original value of A . 
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Syntax 


Description 


add 


A = A + B 

it is assigned to A the result of the sum of 
A ana z>, witnout considering tne previous 
carry. 


sub 


A - A - B 

it is assigned to A the result of the subtrac- 
tion oi a and />, witnout considering tne 
previous borrow. 



The following sections offer various examples, where the use of all 
the new instructions is shown. 

9.4.1 Instruction "not" 

Listing 9.70. Macrocode example to experiment the not instruc- 
tion: a value is loaded from the memory to the A register, then 
the 1 ' s complement is calculated and put into the A register. The 
complete source should be available at attachments/xcpu/xcpu- 
a4-not.gm . 

begin macrocode @ 0 

start : 

load_ref #data_l 

move_mdr_a 

not 

stop : 

stop 

data_l : 

.byte 17 

end 
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Figure 9.71. RAM memory content: the memory cells marked 
with "xx" have an unknown and unspecified value. 

load_ref 

#data_l 

move_mdr_a 

not 
- stop 




start: 



56789ABCDEF 



00 


01 


05 


05 


20 


FF 


11 






















10 












































FO 
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D 


E 


F 
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IF 

FF 
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Figure 9.72. Data bus after the execution of the above ex- 
ample. Video: ogv http://www.youtube.com/watch?v=x5Vnhd 
72vh728 




9.4.2 Instruction "and" 

Listing 9.73. Macrocode example to experiment the and instruc- 
tion: two values are loaded from the memory into the registers A 
and B, then the binary AND is calculated and saved inside the A 
register. The complete source should be available at attachments/ 
xcpu/xcpu-a4-and.gm . 



begin macrocode @ 0 
start : 

load_ref #data_l 

move_mdr_a 

load ref #data 2 
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move_mdr_b 




and 


stop : 


stop 


data_l : 


.byte 17 


data_2 : 


.byte 11 


end 





Figure 9.74. RAM memory content: the memory cells marked 
with "xx" have an unknown and unspecified value. 

load_ref 

#data_l 
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load_ref 
#data_2 

move_mdr_b 
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- stop 
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Figure 9.75. Data bus after the execution of the above example. 
Video: ogv http://www.youtube.com/watch?v=2ra7SHxBvYY 
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9.4.3 Instruction "or" 

Listing 9.76. Macrocode example to experiment the or instruc- 
tion: two values are loaded from the memory into the registers A 
and B, then the binary OR is calculated and saved inside the A 
register. The complete source should be available at attachments/ 
xcpu/xcpu-a4-or.gm . 



begin macrocode @ 0 
start : 

load_ref #data_l 

move_mdr_a 

load ref #data 2 
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move_mdr_b 




or 


stop : 


stop 


data_l : 


.byte 17 


data_2 : 


.byte 11 


end 





Figure 9.77. RAM memory content: the memory cells marked 
with "xx" have an unknown and unspecified value. 
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Figure 9.78. Data bus after the execution of the above example. 
Video: ogv http://www.youtube.com/watch?v=7E-2uA6fVoY 
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9.4.4 Instruction "xor" 

Listing 9.79. Macrocode example to experiment the xor instruc- 
tion: two values are loaded from the memory into the registers A 
and B, then the binary XOR is calculated and saved inside the A 
register. The complete source should be available at attachments/ 
xcpu/xcpu-a4-xor.gm . 



begin macrocode @ 0 
start : 

load_ref #data_l 
move_mdr_a 
load_ref #data_2 
move mdr b 
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xor 




stop : 


stop 




data_l : 








. byte 


17 


data_2 : 








. byte 


11 


end 







Figure 9.80. RAM memory content: the memory cells marked 
with "xx" have an unknown and unspecified value. 
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Figure 9.81. Data bus after the execution of the above example. 
Video: ogv http://www.youtube.com/watch?v=TuzknbyeabQ 




« 



9.4.5 Instruction vx lshl" and "Ishr" 

Listing 9.82. Macrocode example to experiment the logic shift 
instructions: a value is loaded from the memory to the A register 
and a left shift is done, updating the value of A. Then the re- 
sult is copied into B, before another value is loaded to calculate 
the right shift. The complete source file should be available at 
attachmen ts/xcpu/xcpu-a4-lsh.gm . 



begin macrocode @ 0 
start : 

load_ref #data_l 
move mdr a 
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lshl 




move_a_mdr 




move_mdr_b 




load_ref #data_l 




move_mdr_a 




lshr 


stop : 


stop 


data_l : 


.byte 17 


end 
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Figure 9.83. RAM memory content: the memory cells marked 
with "xx" have an unknown and unspecified value. 

load_ref 

#data_l 

move_mdr_a 

lshl 

move_a_mdr 
move_mdr_b 
load_ref 

1 

mdr a 




start: 



move_ 
lshr 
stop 

B C 



D 



00 


01 


0B 


05 


24 


06 


07 


01 


0B 


05 


25 


FF 


11 










10 












































F0 




































0 


l 


2 


3 


4 


5 


6 


7 


8 


9 


A 


B 


C 


D 


E 


F 



OF 
IF 

FF 



A simple 8-bit CPU: version "A' 



521 



Figure 9.84. Data bus after the execution of the above example. 
Video: ogv http://www.youtube.com/watch?v=pkRfWYqGeB4 
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9.4.6 Instruction "ashl" and "ashr" 

Listing 9.85. Macrocode example to experiment the arithmetic 
shift instructions: a value is loaded from the memory to the A 
register and a left shift is done, updating the value of A . Then the 
result is copied into B, before another value is loaded to calculate 
the right shift. The complete source file should be available at 
attachmen ts/xcpu/xcpu-a4-ash.gm . 
begin macrocode @ 0 
start : 

load_ref #data_l 
move mdr a 



« 
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ashl 




move_a_mdr 




move_mdr_b 




load_ref #data_l 




move_mdr_a 




ashr 


stop : 


stop 


data_l : 


.byte 143 


end 
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Figure 9.86. RAM memory content: the memory cells marked 
with "xx" have an unknown and unspecified value. 
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Figure 9.87. Data bus after the execution of the above example. 
Video: ogv http://www.youtube.com/watch?v=3rvR!WvWdlk 
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9.4.7 Instruction vx rotl" and "rotr" 

Listing 9.88. Macrocode example to experiment the rotation in- 
structions: a value is loaded from the memory to the A register 
and a left rotation is done, updating the value of A . Then the re- 
sult is copied into B, before another value is loaded to calculate 
the right rotation. The complete source file should be available at 
attachmen ts/xcpu/xcpu-a4-rot.gm . 

begin macrocode @ 0 

start : 

load_ref #data_l 
move mdr a 
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rot 1 




move_a_mdr 




move_mdr_b 




load_ref #data_l 




move_mdr_a 




rot r 


stop : 


stop 


data_l : 


.byte 17 


end 
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Figure 9.89. RAM memory content: the memory cells marked 
with "xx" have an unknown and unspecified value. 
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Figure 9.90. Data bus after the execution of the above example. 
Video: ogv http://www.youtube.com/watch?v=KCi8n6bnLQo 
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9.4.8 Instruction "add" 

« 

Listing 9.91. Macrocode example to experiment the addition in- 
struction: two values are loaded from the memory into the reg- 
isters A and B, then the addition is calculated and saved in- 
side the A register. The complete source should be available at 
attachmen ts/xcpu/xcpu-a4-add.gm . 

begin macrocode @ 0 

start : 

load_ref #data_l 
move_mdr_a 
load_ref #data_2 
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move_mdr_b 




add 


stop : 


stop 


data_l : 


.byte 17 


data_2 : 


.byte 11 


end 





Figure 9.92. RAM memory content: the memory cells marked 
with "xx" have an unknown and unspecified value. 
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Figure 9.93. Data bus after the execution of the above 
example. Video: ogv http://www.youtube.com/watch?v=QQJ 
wz2yVwA8 
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9.4.9 Instruction "sub" 

Listing 9.94. Macrocode example to experiment the subtraction 
instruction: two values are loaded from the memory into the reg- 
isters A and B, then the subtraction (A -B) is calculated and 
saved inside the A register. The complete source should be avail- 
able at attachments/xcpu/xcpu-a4-sub.gm . 



« 



begin macrocode @ 0 
start : 

load_ref #data_l 

move_mdr_a 

load ref #data 2 
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move_mdr_b 




sub 


stop : 


stop 


data_l : 


.byte 17 


data_2 : 


.byte 11 


end 





Figure 9.95. RAM memory content: the memory cells marked 
with "xx" have an unknown and unspecified value. 
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Figure 9.96. Data bus after the execution of the above example. 
Video: ogv http://www.youtube.com/watch?v=VRd8ilJbK_Y 
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9.5 Version 7\5": flags 

The fifth subversion of the simple CPU has a new special register: 
FL, used to store the status flags. With the FL register the ALU can 
use the previous carry (or borrow) for calculations and for rotations. 
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Figure 9.97. The simple CPU version "A5". 
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The FL register can communicate with the bus, but it has an addi- 
tional input, Fi, which receives the updated status from the ALU. On 
the other hand, the output Fo sends to the ALU the current status of 
flags. The control input or (ALU read) is used to let the FL register 
load its value from the ALU. 
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Figure 9.98. Internal structure of the FL register: the eight 
aligned modules are D flip-flops. The diagram on the right is a 
compact version of the same circuit. 
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Inside the code that describes the microcode word's fields, the fol- 
lowing fields are added, except fl_ar that already appeared in previ- 
ous version. The new fields are used specifically to manage the FL 
register: 



field 


f l_ar [24] ; 


// FL 


< — ALU 


field 


f l_br [25] ; 


// FL 


< — bus 


field 


f l_bw [2 6] ; 


// FL 


— > bus 



Inside the opcode list there are new instructions and the same is for 
the microcode description: 



op move_mdr_fl { 
map move_mdr_f 1 : 


9; 


// move MDR to FL 


operands op 0; 

}; 






op move_f l_mdr { 
map move_fl_mdr : 
+ 0 [7 : 0] =10; 


10; 


// move FL to MDR 


operands op 0; 

}; 






op rotcl { 

map rotcl : 42; 
+0 [7 : 0] =42; 




// A = A rotate carry left 


operands op 0; 

}; 






op rotcr { 

map rotcr : 43; 
+ 0 [7 : 0] =43; 




// A = A rotate carry right 


operands op 0; 

}; 
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op add_carry { 






map add_carry : 


44; // A = A + B + 


carry 


+0 [7 : 0] =44; 






operands op_0 ; 

}; 






op sub_borrow { 






map sub_borrow : 


45; // A = A — B — 


borrow 


+ 0 [7 : 0] =45; 






operands op 0; 

}; 








begin microcode @ 0 






// 






move_mdr_f 1 : 






fl_br mdr_bw; 


// FL < — MDR 




ctrl_start ctrl_load; 


// CNT < — 0 




// 






move_f l_mdr : 






mdr_br fl_bw; 


// MDR < — FL 




ctrl_start ctrl_load; 


// CNT < — 0 




// 






rotcl : 






a_br alu_f =rotate_carry_lef t alu_bw fl_ar; // A <— 


- A rot . carry 1 


ctrl_start ctrl_load; 


// CNT 


< — 0 


// 






rotcr : 






a_br alu_f =rotate_carry_right alu_bw fl_ar; // A < 


— A rot . carry r 


ctrl_start ctrl_load; 


// CNT 


< — 0 


// 






add_carry : 






a_br alu_f =a_plus_b_carry alu_bw fl_ar; // A < — A 


+ B + carry 


ctrl_start ctrl_load; 


// CNT < — 


0 


// 






sub_borrow : 






a_br alu_f =a_minus_b_ 


borrow alu_bw fl_ar; // A < — 


A - B - borrow 
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ctrl_start ctrl_load; 


// CNT < — 0 


end 





Figure 9.102. Match between the contents of the memory that 
represents the microcode (the couple of memory banks ml and 
m2 inside the control unit) and the microcode description itself. 
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Table 9.103. Macroinstructions added for this version of the sim- 



pie CPU. 


o y iiuciA. 


T^pqpti nti on 


move_mdr_f 1 


It copies the MDR content into the FL reg- 




ister. 


move_f l_mdr 


It copies the FL content into the MDR reg- 




ister. 




It does a binary left rotation of the A reg- 




ister, using also the carry flag: the previ- 


rotcl 


ous carry shifts in, on the right, and the 
most significant bit is shifted out to the new 
carry value. 




It does a binary right rotation of the A reg- 




ister, using also the carry flag: the previous 


rotcr 


carry shifts in, on the left, and the least Sig- 
nificant hit i<; <shiftpH nnt tn thp npw parrv 

value. 


add_carry 


It adds A and B and the previous carry, up- 
dating the A register and the new carry sta- 
tus. 




It subtracts A and B and the previous bor- 


sub_borrow 


row, updating the A register and the new 
borrow status (carry and borrow are the 
same flag). 



The following sections offer various examples, where the use of all 
the new instructions is shown. 
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9.5.1 Instruction "rotcl" and "rotcr" 

« 

Listing 9.104. Macrocode example to experiment the rotation 
with carry: a value is loaded from the memory to the A regis- 
ter and a left rotation with carry is done five times, updating the 
value of A . Then the result is copied into B, before another value 
is loaded and rotated five times right. The complete source file 
should be available at attachments/xcpu/xcpu-a5-rotc.gm . 



beqin 

-> 


macrocode @ 0 


start 


• 




load_ref #data_l 




move_mdr_a 




rotcl 




rotcl 




rotcl 




rotcl 




rotcl 




move_a_mdr 




move_mdr_b 




rot cr 




rot cr 




rot cr 




rot cr 




rot cr 


stop : 






stop 


data_ 


1: 




.byte 160 


end 
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Figure 9.105. RAM memory content: the memory cells marked 
with "xx" have an unknown and unspecified value. 
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Figure 9.106. Data bus after the execution of the above example. 
Video: ogv http://www.youtube.com/watch?v=Z13d-Tg5ClQ 




9.5.2 Instruction "add_carry" 

Listing 9.107. Macrocode example to experiment the addition 
with carry: two 16-bit numbers should be added, splitting them 
and adding in two steps. The numbers are 12FFi 6 and HEEi 6 . 
First there is the sum of FFi 6 and EEi 6 , without considering the 
previous carry, then there is the sum of 12i 6 and 1 1 1 6 with the pre- 
vious carry. The result is EDi 6 plus a carry the first time, where 
the second time the result is 24i 6 . Every partial addition is saved 
in memory, so that at the address matching the label data_4 a 
16-bit result, little-endian, can be read. The complete source file 
should be available at attachments/xcpu/xcpu-a5-addc.gm . 



« 



begin macrocode @ 0 
start : 
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load_ref #data_0 

move_mdr_a 

load_ref #data_2 

move_mdr_b 

add 

move_a_mdr 
store_ref #data_4 
load_ref #data_l 
move_mdr_a 
load_ref #data_3 
move_mdr_b 
add_carry 
move_a_mdr 
store_ref #data_5 

stop : 

stop 

// 0xl2FF = 4863 

data_0 : 

.byte OxFF 

data_l : 

.byte 0x12 
// 0x1 1EE = 4590 

data_2 : 

.byte OxEE 

data_3 : 

.byte 0x11 

data_4 : 

.byte 0 

data 5: 
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.byte 0 



end 
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Figure 9.108. RAM memory content before the program execu- 
tion: the memory cells marked with "xx" have an unknown and 
unspecified value. 
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data 5: 
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mo ve_mdr_a - 
load_ref 
#data_3 

move mdr b 



A simple 8-bit CPU: version "A" 



545 



Figure 9. 109. At the end of the macroprogram, the result is stored 
in memory. 
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OF 
IF 



data_4: 
data_5: 

Figure 9.110. Data bus after the execution of the above 
example. Video: ogv http://www.youtube.com/watch?v= 
1Xu4MxWBwW4 
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9.5.3 Instruction "sub_borrow" 

Listing 9.1 1 1. Macrocode example to experiment the subtraction 
with borrow: the subtraction 12EEi 6 -llFFi 6 is to be calculated. 
First a normal subtraction EEi 6 -FFi 6 is done, saving the borrow 
request for the next subtraction: 12i 6 -l 1 ^-borrow . The first sub- 
traction gives EFi 6 with a borrow request; the second subtraction 
gives 00i 6 . Every partial subtraction is saved in memory, so that 
at the address matching the label data_4 a 16-bit result, little- 
endian, can be read. The complete source file should be available 
at attachments/xcpu/xcpu-a5-subb.gm . 





ludcrocoae is u 


£~1 4— ■ — v -y 4 — 

S L. Si LL. 


• 




loaa rer ffaata u 




J.LLU V fci J.LLU. X. a. 




1 H y~ ~F JtH^I - ^) "J 
iuau_ici TT^J-Ciuci 




IllU V fc! IlLU. L D 




sub 




move_a_mdr 




store_ref #data_4 




load_ref #data_l 




move_mdr_a 




load_ref #data_3 




move_mdr_b 




sub_borrow 




move_a_mdr 




store_ref #data_5 


stop : 






stop 


// 0xl2EE = 4846 
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data_0 : 






.byte OxEE 


data_l : 






.byte 0x12 


// OxllFF = 4607 


data_2 : 






.byte OxFF 


data_3 : 






.byte 0x11 


data_4 : 






.byte 0 


data_5 : 






.byte 0 


end 
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Figure 9.112. RAM memory content before the program execu- 
tion: the memory cells marked with "xx" have an unknown and 
unspecified value. 
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Figure 9. 1 13. At the end of the macroprogram, the result is stored 
in memory. 
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data_4: 
data_5: 

Figure 9.1 14. Data bus after the execution of the above example. 
Video: ogv http://www.youtube.com/watch?v=ofPUzdIids8 
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9.6 Version 7\6": branching 

In the sixth version of the simple CPU a new module is added, with 
the purpose to test conditions on the value of the status flags (the 
FL register). The condition evaluation results in the choice from the 
value of two registers: MDR if the condition is true, or PC other- 
wise. 
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Figure 9.115. Simple CPU version "A6" 
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The SEL module gets two values from input A and input B. From 
the input Fi it gets the flags status, as it is output from the FL reg- 
ister. From the input/ the module SEL receives the condition to be 
checked: if the condition is true and the input bw is asserted, the 
module writes to the bus the same value obtained from the A input, 
otherwise, if the condition results false, the module writes to the bus 
the same value obtained from the B input. 

Figure 9.116. Module SEL, internal structure. 
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Inside the code that describes the microcode word's fields, the fol- 
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lowing fields are added. The new fields are used specifically to man- 
age the SEL module: 



J LC±U 


opi f r 7 • s 1 =$ 






_L J_ Ocl J_ J_ y — U ^ 






1 1 11 w v d J_ J_ V _1_ j 






1 "F r 7(^T~0='? 
J L ^Cl U ^ A 






"II "T~l i - T V~ (~\ — -s 
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if_negat ive=4 , 






if_not_negat ive= 






"i "F n"\7"p y~ ~F 1 (OTa7= 

J L U V C 1 J L U W \J j 






if_not_overf low= 


= 7 


}; 

field 


sel_bw [ 8 ] ; 


// SEL — > jbus 



Inside the opcode list there are new instructions and the same is for 
the microcode description: 



op jump_if_carry { 

map jump_if_carry : 16; 
+0 [7 : 0] =16; 


// 


jump 


to 


#nn 


if 


carry==l 


operands op 1; 

}; 














op jump_if_not_carry { 

map jump_if_not_carry : 17; 
+0 [7 : 0] =17; 


// 


jump 


to 


#nn 


if 


carry==0 


operands op 1; 

}; 














op jump_if_zero { 

map jump_if_zero : 18; 
+0 [7 : 0] =18; 


// 


jump 


to 


#nn 


if 


zero==l 


operands op 1; 

}; 














op jump_if_not_zero { 
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map jump_if_not_zero : 19; 




// 


jump 


to 


#nn 


if zero==0 


operands op_l; 

}; 














op jump_if_negat ive { 

map jump_if_negat ive : 20; 




// 


jump 


to 


#nn 


if negative==l 


operands op_l; 

}; 














op jump_if_not_negat ive { 
map jump_if_not_negat ive : 
+ n r 7 • D 1 —9 1 • 


21; 


// 


jump 


to 


#nn 


if negative==0 


operands op_l; 

}; 














op jump_if_overf low { 

map jump_if_overf low : 22; 
+ n r 7 • D 1 = 9 9 ' 




// 


jump 


to 


#nn 


if overflow==l 


operands op 1; 

}; 














op jump_if_not_over f low { 
map jump_if_not_overf low : 
+0 [7 : 0] =2 3; 


2 3; 


// 


jump 


to 


#nn 


if overflow==0 


operands op 1; 

}; 















begin microcode @ 0 






jump_if_carry : 






mar_br pc_bw; 


// MAR < — PC 




pc_Inc; 


// PC++ 




mdr_br ram_bw; 


// MDR < — RAM [mar] 




pc_br sel_f =i f_carry sel_bw 


// PC = (carry ? MAR 


■ PC) 


ctrl_start ctrl_load; 


// CNT < — 0 




// 






jump_if_not_carry : 






mar_br pc_bw; 


// MAR < — PC 




pc_Inc; 


// PC++ 
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mdr br ram bw; 




MDR < — RAM [mar] 




pc_br sel_f =i f_not_carry sel_bw 


// 


PC = (not_carry ? MAR 


: PC) 


ctrl_start ctrl_load; 


// 


CNT < — 0 




// 








jump if zero : 








mar_br pc_bw; 


// 


MAR < — PC 




pc_Inc; 


// 


PC++ 




mdr br ram bw; 


// 


MDR < — RAM [mar] 




pc_br sel_f =i f_zero sel_bw 


// 


PC = (zero ? MAR : PC) 




ctrl_start ctrl_load; 


// 


CNT < — 0 




// 








jump if not zero : 








mar_br pc_bw; 


// 


MAR < — PC 




pc_Inc; 


// 


PC++ 




mdr br ram bw; 


// 


MDR < — RAM [mar] 




pc_br sel_f =i f_not_carry sel_bw 


// 


PC = (not_zero ? MAR : 


PC) 


ctrl_start ctrl_load; 


// 


CNT < — 0 




// 








jump_if_negative : 








mar_br pc_bw; 


// 


MAR < — PC 




pc_Inc; 


// 


PC++ 




mdr br ram bw; 


// 


MDR < — RAM [mar] 




pc_br sel_f =if_negative sel_bw 


// 


PC = (negative ? MAR : 


PC) 


ctrl_start ctrl_load; 


// 


CNT < — 0 




// 








jump_if_not_negat ive : 








mar_br pc_bw; 


// 


MAR < — PC 




pc_Inc; 


// 


PC++ 




mdr br ram bw; 


// 


MDR < — RAM [mar] 




pc_br sel_f=if_not_negative sel_bw 


// 


PC = (not_negative ? MAR : PC) 


ctrl_start ctrl_load; 


// 


CNT < — 0 




// 








j ump i f o ve r f 1 o w : 








mar_br pc_bw; 


// 


MAR < — PC 




pc_Inc; 


// 


PC++ 




mdr br ram bw; 


// 


MDR < — RAM [mar] 




pc_br sel_f=if_overf low sel_bw 


// 


PC = (overflow ? MAR : 


PC) 


ctrl_start ctrl_load; 


// 


CNT < — 0 




// 








j ump_i f _no t_o ve r f 1 o w : 








mar_br pc_bw; 


// 


MAR < — PC 
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pc_Inc; 


// PC++ 




mdr_br ram_bw; 


// MDR < — RAM [mar] 




pc_br sel_f=if_not_overf low sel_bw 


// PC = (not_overflow ? MAR 


■ PC) 


ctrl_start ctrl_load; 


// CNT < — 0 




end 







Figure 9.120. Match between the contents of the memory that 
represents the microcode (the couple of memory banks ml and 
ml inside the control unit) and the microcode description itself. 
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4=A « 1 
5=A » 1 
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8=A rot left 
9=A rot right 
A=A rot carry left 
B=A rot carry right 
C=A plus B carry 
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F=A minus B 
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0= 


if carry 


1 = 


if not carry 


2= 


if zero 


3= 


if not zero 


4= 


if negative 


5= 


if not negative 


6= 


if overflow 


7= 


if not overflow 



b7 b6 b5 b4 b3 b2 bl bO 



Table 9.121. Macroinstructions added for this version of the sim- 
ple CPU. 



Syntax 


Description 


jump_if_carry %ref 


If the carry flag is true, it jumps to 
the specified address. 


jump_if_not_carry %ref 


If the carry flag is false, it jumps to 
the specified address. 
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Syntax 


Description 


jump_if_zero %ref 


T"f tfip yprn flao k trnp it intnnQ tn 

11 Lilt/ Zjt/lVJ lldii 1l> LI Lit/, 1L JU-lllUo LVJ 

the specified address. 


jump_if_not_zero %ref 


Tf thp 7prn fl "A <j k fjflsp it minrw to 

11 Lilt/ £/t/lVJ lldsi 1J> Idiots, 1L J LIIIIUlS LVJ 

the specified address. 


jump_if_negat ive %ref 


T"f tlip npcrfitivp flfic i q trnp it mmriQ 

11 Lilt/ llt/iidLlvt/ lldii lo 11 Lit/, 1L |L1111L>J> 

to the specified address. 


jump_if_not_negat ive %ref 


Tt trlP nPCTfltlVP fl M CT ic ffilcp it 
11 L11C lltiidLlVC lldid IS IdlSC-, 1L 

jumps to the specified address. 


jump_if_overf low %ref 


Tfthp ovprflow fljicr is tnip it iiittidq 

11 Lilt/ UVt/lllVJW lldsi 15 Ll Lit/, ILILHIIUlS 

to the specified address. 


jump_if_not_over f low %ref 


Tf tfip nvprflow flacx iq falsp it 

11 Lilt/ VJVt/lllVJW lldfii 13 Idiot/, 1L 

jumps to the specified address. 



Listing 9.122. Macrocode example to experiment the selection 
module: there is a cycle where a variable is incremented until it 
contains the result of a sum with another variable. The complete 
source file should be available at attachments/xcpu/xcpu-a6.gm . 



begin 


macrocode @ 0 


start 


• 




load_ref #constant_zero 




move_mdr_b 




load_ref #variable_x 




move_mdr_a 




add 


cycle 


• 




jump_if_zero #stop 




load_ref #variable_y 




move_mdr_a 
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load_ref #constant_one 

move_mdr_b 

add 

move_a_mdr 

store_ref #variable_y 
load_ref #variable_x 
move_mdr_a 

load_ref #constant_one 

move_mdr_b 

sub 

move_a_mdr 

store_ref #variable_x 
jump #cycle 



stop : 



stop 



constant 



zer 



o 



. byt 



e 



0 



constant 



one 



. byt 



e 



1 



variable 



x : 



. byt 
variable_y : 
. byt 

end 



e 



3 



e 



7 
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Figure 9.123. RAM memory content before the program execu- 
tion: the memory cells marked with "xx" have an unknown and 
unspecified value. At the end of the execution, the memory cell 
at the address 23 1 6 represents variable _y and it contains the value 
0A 16 (10io). 



load_ref #constant_zero 
move_mdr_b 

load_ref #variable_x 

move_mdr_a 

add 

jump_if_zero #stop 

- load_ref #variable_y 




move_mdr_a 

load_ref #constant_one 

move_mdr_b 
- add 
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constant _zero: 
constant_one: 
variable jt: 

variable_y: 
stop: 



move_a_mdr 

store_ref #variable_y 

load_ref #variable_x 

-move mdr a 



load_ref #constant_one 
- move mdr b 



sub 

move_a_mdr 

store_ref #variable_x 
jump #ciclo 

- jump stop 




562 



A simple 8-bit CPU: version "A" 



« 



Figure 9.124. Data bus after the execution of the above example. 
Video: ogv http://www.youtube.com/watch?v=hFoOoGf86tO 
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9.7 Version 7\7": stock 

In the seventh subversion of the simple CPU the SP register is added 
(stack pointer). This new register is to be used as the pointer for 
the stack. The stack is used mainly to allow the call of subroutines, 
with instructions like call and return, and to save and restore the 
registers. 
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Figure 9.125. Simple CPU version "A7". 
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The SP register has two extra control inputs: Inc and Dec, which re- 
quires, respectively, the increment or decrement of the register con- 
tent. 
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Figure 9.126. Register SP. 
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Inside the code that describes the microcode word's fields, the fol- 
lowing fields are added. The new fields are used specifically to man- 
age the SP register: 



field 


sp_br [31 ] ; 


// 


SP < — jbus 


field 


sp_bw [ 32 ] ; 


// 


SP — > jbus 


field 


sp_Inc [ 33 ] ; 


// 


SP++ 


field 


sp_Dec [34] ; 


// 


SP — 



Inside the opcode list there are new instructions and the same is for 
the microcode description: 



op call_ref { 
map call_ref : 
+0 [7 : 0] =24; 


24; 


// call #nn 


operands op_l; 

}; 






op call_reg { 
map call_reg : 
+0 [7 : 0] =25; 


25; 


// call I 


operands op_0; 

1. 






op return { 

map return : 2 6; 
+ 0 [7 : 0] =26; 


// return 


operands op_0; 

}; 






op push_mdr { 
map push_mdr : 
+0 [7 : 0] =27; 


27; 


// push MDR 


operands op_0; 
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1 

}; 

op push_a { 






map push_a : 


28; 


// push A 


+0 [7 : 0] =28; 






operands op_ 

}; 


_0; 




op push_b { 






map push_b : 


2 9; 


// push B 


+ 0 [7 : 0] =29; 






operands op_ 

}; 


_0; 




op pusn_fl { 






map push_fl 


: 30; 


// push FL 


+0 [7 : 0] =30; 






operands op_ 

}; 


_0; 




op push_i { 






map push_i : 


31; 


// push I 


+0 [7 : 0] =31; 






operands op_ 

}; 


_0; 




op pop_mdr { 






map pop_mdr 


: 48 ; 


// pop MDR 


+0 [7 : 0] =48; 






operands op_ 

}; 


_0; 




r 

op pop_a { 






map pop_a : 


4 9; 


// P°P A 


+0 [7 : 0] =49; 
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operands op_0; 

}; 






op pop_b { 

map pop_b : 50; 
+0 [7 : 0] =50; 


// P°P 


B 


operands op_0; 

}; 






op pop_fl { 

f— ~\ 1 — -i 

map pop_fl : 51; 
+0 [7 : 0] =51; 


// pop 


FL 


operands op_0; 

}; 






op pop_i { 

map pop_i : 52; 
+0 [7 : 0] =52; 


// pop 


I 


operands op 0; 

}; 







begin microcode @ 0 




call_ref : 




mar_br pc_bw; 


// MAR < — PC 


pc_Inc; 


// PC++ 


mdr_br ram_bw; 


// MDR < — RAM [mar] 


sp_Dec; 


// sc— 


mar_br sp_bw; 


// MAR < — SP 


r am_b r p c_b w ; 


// RAM [mar] < — PC 


pc_br mdr_bw; 


// PC < — MDR 


ctrl_start ctrl_load; 


// CNT < — 0 
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// 








call_reg : 








sp_Dec; 




// 


SP — 


mar_br sp_bw; 




// 


MAR < — SP 


r am_b r p c_b w ; 




* * 

// 


RAM [mar] < — PC 


pc_br i_bw; 




// 


PC < — I 


ctrl_start ctrl_ 


.load; 


// 


CNT < — 0 


// 








return : 








mar_br sp_bw; 




* * 

// 


MAR < — SP 


sp_Inc; 




// 


SP++; 


p c_b r r am_b w ; 




// 


PC < — RAM [mar] 


ctrl_start ctrl_ 


.load; 


// 


CNT < — 0 


// 








push_mdr : 








sp_Dec; 




// 


SP — 


mar_br sp_bw; 




// 


MAR < — SP 


r am_b r md r_b w ; 




// 


RAM [mar] < — MDR 


ctrl_start ctrl_ 


.load; 


// 


CNT < — 0 


// 








push_a : 








sp_Dec; 




// 


SP — 


mar_br sp_bw; 




// 


MAR < — SP 


r am_b r a_b w ; 




// 


RAM [mar] < — A 


ctrl_start ctrl_ 


.load; 


// 


CNT < — 0 


// 








push_b : 








sp_Dec; 




// 


SP — 


mar_br sp_bw; 




// 


MAR < — SP 
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r am_b r b_b w ; 




// 


RAM [mar] < — B 


ctrl_start ctrl_ 


.load; 


// 


CNT < — 0 


// 








push_f 1 : 








sp_Dec; 




* * 

// 


SP — 


mar_br sp_bw; 




// 


MAR < — SP 


ram_br fl_bw; 




// 


RAM [mar] < — FL 


ctrl_start ctrl_ 


.load; 


// 


CNT < — 0 


// 








push_i : 








sp_Dec; 




* * 

// 


SP — 


mar_br sp_bw; 




* * 

// 


MAR < — SP 


ram_br i_bw; 




// 


RAM [mar] < — J 


ctrl_start ctrl_ 


.load; 


// 


CNT < — 0 


// 








pop_mdr : 








mar_br sp_bw; 




// 


MAR < — SP 


sp_Inc; 




// 


SP++ 


mdr_br ram_bw; 




// 


MDR < — RAM [mar] 


ctrl_start ctrl_ 


.load; 


// 


CNT < — 0 


// 








pop_a : 








mar_br sp_bw; 




// 


MAR < — SP 


sp_Inc; 




// 


SP++ 


a_b r r am_b w ; 




// 


A < — RAM [mar] 


ctrl_start ctrl_ 


.load; 


// 


CNT < — 0 


// 








pop_b : 








mar_br sp_bw; 




// 


MAR < — SP 



A simple 8-bit CPU: version "A' 



571 





sp_Inc; 




y / 

// 


SP++ 






b_b r r am_b w ; 




// 


B < — 


RAM [mar] 




ctrl_start ctrl_ 


.load; 


// 


CNT <• 


— 0 


// 












pop_ 


_f 1 : 












mar_br sp_bw; 




// 


MAR < 


— SP 




sp_Inc; 




y y 

// 


SP++ 






f l_b r r am_b w ; 




// 


FL <— 


- RAM [mar] 




ctrl_start ctrl_ 


.load; 


// 


lL TIT7 

CNT <• 


— 0 


// 












pop_ 


_i : 












mar_br sp_bw; 




y y 

// 


MAR < 


— SP 




sp_Inc; 




y y 

// 


SP++ 






i_br ram_bw; 




// 


I < — 


RAM [mar] 




ctrl_start ctrl_ 


.load; 


// 


CNT <■ 


— 0 


end 
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Figure 9.130. Match between the contents of the memory that 
represents the microcode (the couple of memory banks ml and 
ml inside the control unit) and the microcode description itself. 
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Table 9.131. Macroinstructions added for this version of the sim- 
ple CPU. 



Syntax 


Description 


call_ref #ref 


It decrements the value inside the SP reg- 
ister and saves in memory, at the new SP 
position, the address of the next instruction 
(after call_ then it updates the PC reg- 
ister with the address specified (the argu- 
ment). That is: it calls the procedure stor- 
ing inside the stack the return address. 


call_reg 


It decrements the value inside the SP reg- 
ister and saves in memory, at the new SP 
position, the address of the next instruction 
(after call_ then it updates the PC reg- 
ister with the address contained inside /. 
That is: it calls the procedure storing inside 
the stack the return address. 


return 


It increments the SP register and restores 
the register PC loading from memory the 
content at the address pointed by the up- 
dated SP. That is: it returns from a proce- 
dure call. 


push_mdr 


It saves on top of the stack the value of 
MDR. 


push_a 


It saves on top of the stack the value of A . 


push_b 


It saves on top of the stack the value of B. 


push_f 1 


It saves on top of the stack the value of FL. 
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Syntax 


Description 


push_i 


It saves on top of the stack the value of /. 


pop_mdr 


Tt nnriQ from tTip QtapV c\ valiip tTiat iq InaHpH 

-LI UVJUo 11VJ111 lllt^ oldCIv d VdlU-t^ Uldl 1l> 1 V) tine u 

by the MDR register. 


pop_a 


Tt nnn<i from tTip QtfipV c\ vfilnp tTifit iq loj^Hfrl 

by the A register. 


pop_b 


Tt nnnc frnm tlip ctfir*V c\ vfilnp tTifit ic InaHprl 

-LL UVJUS 11VJ111 L11C SldCIN. d VdlU-C ILldl IS IVJdtiCCl 

by the B register. 


pop_f 1 


Tt nnn<j from tTip QtupV c\ vfilnp tTiat iq InaHpH 

by the FL register. 


pop_i 


Tt nnns from tTip <staf*V a valnp tTiat i<s InaHpH 

by the / register. 



9.7.1 Instruction "push" and "pop" 

« 

Listing 9.132. Macrocode example to experiment the instruction 
for adding and removing values from the stack: it is saved a value 
from the A register and then it is restored inside the B regis- 
ter. The complete source file should be available at attachments/ 



xcpu/xcpu-a7-push-pop.gm . 



begin 


macrocode @ 0 


start 


• 




load_ref #sp_bottom 




move_mdr_sp 




load_ref #data_0 




move_mdr_a 




push_a 




pop_b 
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stop : 




stop 




sp_bottom : 




. byte 


0x10 


data_0 : 




. byte 


OxCC 


end 





Figure 9.133. RAM memory content: the memory cells marked 
with "xx" have an unknown and unspecified value. The memory 
cell at the address 0Fi 6 is written by the instruction push_a. 

load_ref #sp_bottom 
mo ve_mdr_sp 

load_ref #data_0 
move_mdr_a 
- push_a 



datajO: 

spjbottom: 
stop: 



start: 





value saved 
inside the stack 




00 


01 


09 


0D 


01 


OA 


05 


1C 


32 


FF 


10 


cc 










CC 


10 












































F0 




































0 


l 


2 


3 


4 


5 


6 


7 


8 


9 


A 


B 


C 


D 


E 


F 



IF 



FF 
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Figure 9.134. Data bus after the execution of the above example. 
Video: ogv http://www.youtube.corn/watch?v=vAdVww31D7I 




01 JED 



10 If 



5=b gjo i 



10 16 



10 16 



10 16 



9.7.2 Instruction "call" and "return" 

Listing 9. 135. Macrocode example to experiment the instructions 
for calling a procedure and returning from a procedure. The com- 
plete source file should be available at attachments/xcpu/xcpu- 
a7 -call-return. gm . 



begin macrocode @ 0 
start : 

load_ref #sp_bottom 
move_mdr_sp 
call_ref #elab 
move_a_mdr 
move mdr b 
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jump #stop 


elab : 










load_ref #data_0 






move_mdr_a 






load_ref #data_l 






move_mdr_b 






add 






return 


stop : 










stop 


sp_bottom : 






.byte 0x20 


data_ 


0: 








.byte OxOA 


data_ 


1 : 








.byte OxOB 


end 
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Figure 9.136. RAM memory content: the memory cells marked 
with "xx" have an unknown and unspecified value. The memory 
cell at the address 1Fi 6 is written by the instruction call_ref . 

load_ref #sp_bottom 
move_mdr_sp 

call_ref #elab 
mo ve_a_mdr 
move_mdr_b 
jump #stop 

load_ref #data_0 
move_mdr_a 

load_ref #data_l 

move_mdr_b 
- add 




oo 

10 



01 


12 


0D 


18 


09 


06 


07 


OF 


* 

11 


01 


13 


05 


01 


14 


07 


2E 


1A 


FF 


20 


OA 


0B 






















05 



stop: 
spjbottom: 
data_0: 
data 1: 




OF 
IF 




value saved 
inside the stack 
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Figure 9.137. Data bus after the execution of the above example. 
Video: ogv http://www.youtube.com/watch?v=nWdXMvegkjc 




9.8 Version 7\8": I/O 

The previous subversion of the simple CPU is complete enough to 
show the main functions of a common CPU. This new subversion ex- 
tends the project introducing I/O devices. Two new busses are added, 
used for the data to move with devices and to select a specific device. 

9.8. 1 Communication with asynchronous devices 

Usually, the I/O devices are not synchronous with the CPU clock, 
therefore it is necessary a protocol, so that it can be made a request 
of an action to the device and a feedback from the device can be 
received. The I/O devices used in this simple CPU project have ex- 
ternally the connections shown in the next figure. 



« 



« 
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Figure 9.138. One input device and one output device. 





REQ 

DATA keyboard 

ACK 
CLR 




REQ 

DATA display 

ACK 
CLR 


■* 


-► 


«- 


-► 


i- 


«- 




-► 



The input or output DATA allows to move the information that is 
needed by the device or that is generated from it. The inputs REQ 
(request) and ACK (acknowledge) are used to negotiate the informa- 
tion movement (the input CLR is used only to clear the device). Two 
examples should be done, to examine the procedure of reading from 
the device and of writing on it. 

To communicate with an input device, from which a data is to be 
read, it is required to activate the input REQ (tj) to request the data. 
The device receives the request and prepares the output DATA with 
the information (t 2 ), then it activates the output ACK (t 3 ). At that 
point, finding the output ACK active, it is possible to read from the 
output DATA (t 4 ) and after the read operation it is possible to disable 
the input REQ (t 5 ). The device, finding the input REQ disabled, 
knows that the information was taken, then it stops to keep it (t 6 ) 
and disables the output ACK (t 7 ). 
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Figure 9.139. Phases for reading an input device and for writing 
to an output device. 

read from the device write to the device 

t 0 tj t 2 t 3 1 4 t 5 t 6 t 7 t 0 tj t 2 



t 3 t 4 t 5 t 6 t 7 



REQ 



ACK 



valid data 



valid data 



To communicate with an output device, where an information is to 
be written, it is necessary to prepare that data to the input DATA (t 0 ), 
then it is necessary to activate the input REQ (tj) to tell the device 
that the data is ready. Then the device gets the information (t 2 ) and it 
confirms activating the output ACK (t 3 ). Finding the confirmation, it 
is not necessary to keep the information on the input DATA (t 4 ) and 
the input REQ is disabled (t 5 ). The device, finding that the request is 
completed, disables the output ACK (t 7 ) concluding the operation. 

9.8.2 I/O devices implementation 

At the moment, only two I/O devices are implemented: a keyboard 
and a screen. As the project is developed with TKGate, the devices 
are made through TCL/Tk code. The code that is shown was ob- 
tained modifying similar devices from the TKGate library. 



« 
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Listing 9.140. File ' share /tkgate/vpd/kbd. tcl' to simulate 
the keyboard input. The program shows a little empty window, 
which should be selected to type something that could be re- 
ceived by the related virtual device. 

VPD :: register KBD 
VPD::allow KBD::post 

namespace eval KBD { 

# Public variables declaration. $kbd_w is an array that is 

# used only for the element $n. $kbd_w ($n) identifies uniquely 

# the working interface instance. 

variable kbd_w 
variable KD 

# Function required by TKGate to create the interface . 

proc post {n} { 

variable kbd_w 

# It creates a window and saves the object inside the array 

# $kbd_w. 

set kbd_w($n) [ VPD : : createWindow "KBD $n" -shutdowncommand "KBD::unpost $n"] 

# It links the keyboard typing, related to the object represented 

# by $kbd_w($n) , to the sendChar function. 

bind $kbd_w($n) <KeyPress> "KBD :: sendChar $n \"%A\"" 

# It opens a write channel, named "KD" . 

if {[info exists : : tkgate_islnitialized] } { 
VPD : : outsignal $n . KD KBD : : KD ( $n) 

} 

} 

# Function that gets the typing and puts it into the channel 

# "KD" , related to the current interface instance. 

proc sendChar {n key} { 
variable KD 

if { [string length $key ] == 1 } { 
binary scan $key c c 
set KBD : : KD ($n) $c 

} 

} 

# Function required by TKGate to destroy the interface . 

proc impost {n} { 
variable kbd_w 
destroy $kbd_w($n) 
unset kbd_w($n) 

} 

} 
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Listing 9.141. File 'share/tkgate/vpd/scr . tcl' to simulate 
the output on a character screen. The program shows a window 
where the sent characters are shown. Inside the code there is a 
reference to the file 'txtcurs .b' that is already included with 
the TKGate distribution. 

image create bitmap txtcurs -file " $bd/txtcurs . b" 

VPD : : register SCR 
VPD::allow SCR::post 
VPD::allow SCR::data 

namespace eval SCR { 

# Public variables declaration: these are arrays where only 

# the element $n is used. The element $n identifies uniquely 

# the working interface instance . 

variable scr_w 
variable scr_pos 

# Function required by TKGate to create the interface . 

proc post {n} { 

variable scr_w 
variable scr_pos 

# It creates the window and it saves the object inside the array 

# $scr_w. 

set scr_w($n) [ VPD : : createWindow "SCR $n" -shutdowncommand "SCR::unpost $n"] 

# For convenience, it copies the object reference inside the local variable 

# $W and then the object is referred only with that variable. 

set w $scr_w($n) 

text $w.txt -state disabled 

pack $w.txt 

# It puts the cursor at the end of the shown text . 

$w.txt image create end -image txtcurs 

# It opens a reading channel, called "RD" and it connects it to the 

# function "data". 

if {[info exists : : tkgate_islnitialized] } { 

VPD : : insignal $n.RD -command "SCR::data $n" -format %d 

} 

# It clears the counter for the shown characters on screen. 

set scr_pos ($n) 0 

} 

# Function required by TKGate to destroy the interface . 

proc unpost {n} { 
variable scr_w 
destroy $scr_w($n) 
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unset scr_w($n) 

} 

# Function used for receiving the data to be shown on screen. 

proc data {n c} { 
variable scr_w 
variable scr_pos 

# For convenience, it copies the interface object reference inside 

# the local variable $w. 

set w $scr_w($n) 
catch { 

# The $c variable contains the character to be shown. 

if { $c == 7 } { 

# BEL 

bell 
return 

} elseif { $c == 127 | | $c == 8 } { 

# DEL I BS 

if { $scr_pos ($n) > 0 } { 

# It deletes the last shown character, but only if the 

# characters counter is greater then zero, otherwise 

# the cursor would disappear and the newly received 

# characters could be placed inside an invisible area 

# of the virtual screen. 
$w.txt configure -state normal 
$w.txt delete "end - 3 chars" 
$w.txt see end 

$w.txt configure -state disabled 

set scr_pos($n) [expr {$scr_pos ( $n) - l}] 

} 

return 
} elseif { $c == 13 } { 

# CR is translated into LF . 

set c 10 

} 

# It converts the character number into a symbol that can 

# be shown. 

set x [format %c $c] 

# It shows the symbol . 

$w.txt configure -state normal 
$w.txt insert "end - 2 chars" $x 
$w.txt see end 

$w.txt configure -state disabled 

# It updates the shown characters counter. 

set scr_pos($n) [expr {$scr_pos ($n) + 1}] 

} 

} 
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The two TCL/Tk programs are called by some Verilog code. The 
following listings show the modules keyboard and display, which 
appear graphically as in the figure 9.138. 

Listing 9.142. Verilog code for the keyboard module. 



module keyboard (DATA, REQ, ACK, CLR); 

output ACK; 

output [7:0] DATA; 

input REQ; 

input CLR; 

reg ready; 

reg [7:0] key ; 

initial 
begin 

ready = 0; 
key = 0 ; 
end 

always 
begin 

@ (posedge CLR) 

ready = 0; 

key = 0 ; 
end 

initial $tkg$post ("KBD", "%m") ; 
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always 
begin 

@ (posedge REQ) ; 

# 5; 

key = $tkg$recv ( "%m. KD" ) ; 

# 5; 

ready = l'bl; 

# 5; 

@ (negedge REQ) ; 

# 5; 

ready = 1'bO; 
end 

assign DATA = key; 
assign ACK = ready; 

endmodule 



Listing 9.143. Verilog code for the display module. 

module display (DATA, REQ, ACK, CLR); 

output ACK; 

input [7:0] DATA; 

input REQ; 

input CLR; 

reg ready; 

initial 
begin 

ready = 0; 
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end 

initial $tkg$post ("SCR", "%m") ; 

always 
begin 

@ (posedge CLR) 
ready = 0; 
end 

always 
begin 

@ (posedge REQ) ; 

# 5; 

$tkg$ send ( " %m . RD " , DATA) ; 

# 5; 

ready = l'bl; 

# 5; 

@ (negedge REQ) ; 

# 5; 

ready = 1'bO; 
end 

assign ACK = ready; 
endmodule 



Until now, the described devices can work only asynchronously, but 
to be used, they must be adapted to work synchronously with the 
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9.8.3 External appearance of the synchronous interfaces 



The synchronous interfaces for the I/O devices should be connected 
to the CPU data bus, just like the other modules already imple- 
mented. However, to simplify the connections, instead of having per- 
sonal control lines, an additional bus is created for the I/O module 
address to be selected. 

Figure 9.144. I/O modules connection. 

I/O devices control bus 



I/O device address bus 



/ 



/a 



/8 



/ 



ADDR data CON 



ADDR CON 



clock line 




clear line 



CPU data bus 



As the figure shows, the bus connected to the inputs ADDR is used to 
select the device, while the bus connected to the inputs CON is used 
to uniform the control lines for all the I/O modules. Please notice that 
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the inputs CON are the same for all I/O modules, but every module 
uses only the lines that it requires, ignoring the others: 

0 



CON 



bus read 

bus write 
request 

is ack? 



The lines bus read and bus write are the same of the other modules 
already described and they refer to the request to read the CPU data 
bus or write to the CPU data bus. The line request is used to request a 
read or write operation on the device, but without the need to keep it 
active as it should for the asynchronous protocol already mentioned. 
The line is ack? is used to obtain, somehow, an acknowledgment 
from the device. 

9.8.4 Synchronous keyboard interface 

The keyboard interface module uses only two out of the four control 
lines: bus write and request. 



« 
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Figure 9.146. Module KBD, which connects the keyboard to the 
CPU data bus. 
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To communicate with the keyboard module it is necessary to start 
with a request signal. Then, after a positive clock edge, the request 
is saved inside the upper JK flip-flop, which is activated. That flip- 
flop has the task to keep the request active on the input REQ of the 
device. The second central JK flip-flop has the task to save the ac- 
knowledge produced by the output ACK and, if that acknowledge 
is active inside the flip-flop, it does not allow to receive another re- 
quest. After a request is correctly received and saved, if the device 
has a character ready to be output, it replies almost immediately, 
placing that character on its DATA output and activating the output 
ACK. At the second positive clock edge, the flip-flop responsible for 
the request signal is cleared and instead is activated the second flip- 
flop responsible for the acknowledge. However, the device continue 
to keep its DATA with the character to be read. Then, a bus write 
signal is received, allowing to write the character (read from the de- 
vice) into the CPU data bus. This action clears also the acknowledge 
flip-flop. If otherwise, the keyboard device is not yet ready to offer 
a character, the interface will write to the CPU data bus a null value 
(00i 6 ), because the acknowledge flip-flop is not activated. 

At the macrocode level, if the keyboard read produces a null charac- 
ter, it just means that there is not a character ready and the keyboard 
read should be retried. 

9.8.5 Synchronous display interface 

The DSP module uses all the control lines, because it must be able 
to read from the CPU data bus when a character is to be shown on 
the screen, but must also be able to write to the bus to give the ac- 
knowledge of the work properly done. 
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Figure 9.147. Module DSP. 
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The DSP module uses a register made out of eight D flip-flops (posi- 
tive edge triggered, module DR8) which is used to save the character 
to be shown on the screen. However, when the control line is ack? is 
active, the DSP module writes to the CPU data bus the result of its 
work: 00i 6 means that the last character to be displayed is not already 
appeared, whereas FFi 6 means that the last character to be displayed 
was correctly shown. 
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Figure 9.148. Building DRn modules. 
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To show a character on screen, it is necessary to start activating the 
control line bus read: after the next clock positive edge the inter- 
nal data register loads the character reading it from the CPU data 
bus, while the JK flip-flop in the middle is cleared and so is the ack 
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multiplexer, connected to the flip-flop output. Then the control line 
request should be activated: after the next clock positive edge this 
value is saved inside the JK flip-flop on the top side, activating the 
input REQ of the device. Then, after a while, the device shows the 
character that is already available at its DATA input (it comes from 
the data register) and then it replies activating its ACK output. When 
the ACK output from the device is active and a new clock positive 
edge comes, the JK flip-flop on the top is reset and the other JK 
flip-flop is activated, switching the connected multiplexer. 

To show a character, only two clock cycles are required, but to be 
able to verify if there is an acknowledge, it is necessary to read the 
device after it. To check the acknowledgement it is necessary to ac- 
tivate the control line is ack? and bus write, so that the interface can 
write to the bus the value 00 for a negative acknowledge, or FF for 
a positive acknowledge. 

9.8.6 The CPU data bus with the I/O interfaces 

Together with the I/O interface modules, also a new register is added: 
10 A (I/O address). When a device is to be reached, it is necessary to 
load its I/O address into the IOA register, before anything else can 
be done with the device itself. 
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Figure 9.149. The CPU data bus with the 10 A register and the 
I/O interfaces. 
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The CPU control bus is now modified with the addition of the lines 
used to control the 10 A register and the I/O interfaces. That modifi- 
cation requires to shift the line used to stop the clock. Therefore, in- 
side the memory banks declaration code and inside the control word 
fields declaration code there are the following adaptations: 



map bank [7:0] 


Ctrl . mO ; 




microcode bank [31:0] 


ct rl . ml ; 




microcode bank [41:32] 


ct rl . m2 ; 




macrocode bank [7:0] 


ram . m3 ; 




... 

field ioa_br[35]; 


// IOA 


< — bus 


field ioa_bw[36]; 


// IOA 


— > bus 


field io_br[37]; 


// I/O 


< — bus 


field io_bw[38]; 


// I/O 


— > bus 


field io_req[39]; 


// I/O 


request 


field io_isack [ 40 ] ; 


// I/O 


is ack? 


field stop [41] ; 


// stop clock 



Inside the opcode list there are new instructions and the same is for 
the microcode description. There is also a new instruction that re- 
quires two arguments: 

operands op_2 { 



// 

// [• 
// 

#1,#2 



{ +1=#1[7:0]; +2=#2[15:8]; }; 



7 [rmMnmmmmm ] [nnnnnnnn ] 



}; 
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op in { 

map in : 48; 
+0 [7 : 0] =48; 


// 


read input from 


I/O bus 


operands op_l ; 

}; 

op out { 

map out : 4 9; 
+0 [7 : 0] =49; 








// 


write output to 


I/O bus 


operands op_l; 

}; 

op io_is_ack { 

map io_is_ack : 50; 
+0 [7 : 0] =50; 














operands op_2 ; 

}; 









begin microcode @ 0 






in : 






mar_br pc_bw; 


// 


MAR < — PC 


pc_Inc ; 


// 


PC++ 


mdr_br ram_bw; 


// 


MDR < — RAM [mar] 


ioa_br mdr_bw; 


// 


IOA < — MDR 


io_req; 


// 




io_br ; 


// 


does not do anything 


a_br io_bw; 


// 


A < — I/O 


ctrl_start ctrl_load; 


// 


CNT < — 0 


out : 






mar_br pc_bw; 


// 


MAR < — PC 


pc_Inc ; 


// 


PC++ 
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mdr_br ram_bw; 




// MDR < — RAM [mar] 


ioa_br mdr_bw; 




// IOA < — MDR 


io_br a_bw; 




// 10 < — A 


io recr; 






ctrl_start ctrl_load; 




// CNT < — 0 


io_is_ack : 






mar_br pc_bw; 




// MAR < — PC 


pc_Inc ; 




// PC++ 


mdr_br ram_bw; 




// MDR < — RAM [mar] 


ioa_br mdr_bw; 




// IOA < — MDR 


// 






mar_br pc_bw; 




// MAR < — PC 


pc_Inc ; 




// PC++ 


mdr_br ram_bw; 




// MDR < — RAM [mar] 


a_br io_bw io_isack; 




// A < — I/O is ack 


a_br alu_f=not_a alu_bw 


fl_ 


ar; //A < — NOT A 


a_br alu_f=not_a alu_bw 


fl_ 


ar; //A < — NOT A 


TDC V~) T <=! 1 f" = 1 f" nnt" 7prn 
V-J \ .k,^ i_ o _L -i- J l ii \ j L- Zj J- \-J 


o pi 1 

O ~ _L 


bw // PC = (tO ' MAR • PC) 


ctrl_start ctrl_load; 




// CNT < — 0 


end 
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Figure 9.153. Match between the contents of the memory that 
represents the microcode (the couple of memory banks ml and 
ml inside the control unit) and the microcode description itself. 
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Table 9.154. Macroinstructions added for this version of the sim- 



ple CPU. 



Syntax 


Description 


in io_address 


It reads a byte from the I/O address 
specified by the argument. 


out io_address 


It writes a byte to the I/O device 
specified by the argument. 


io_is_ack io_address $ref 


It reads a byte from the I/O device 
specified by the first argument. If 
the byte read is FFi 6 that means ac- 
knowledge and it jumps to the ad- 
dress specified as the second argu- 
ment. 



9.8.7 Instruction "out" 

« 

Listing 9.155. Macrocode to experiment the use of out and 
io_is_ack. The program just shows the letter 'H' in a loop, 
without stop. The complete source file should be available at 
attachments/xcpu/xcpu-a8-out.gm . 



begin 


macrocode @ 0 




start 


• 

load_ref Icharacter 
move_mdr_a 






out 0 


// display 


check. 


_ack : 

io_is_ack 0, #start 
jump #check_ack 




stop : 


stop 
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character : 




.byte 0x48 


/ / l mm r 

// H 


end 





Video: ogv http://www.youtube.com/watch?v=S9XqmTMYAj4 . 
9.8.8 Instruction "in" 

Listing 9.156. Macrocode to experiment the instruction in: the 
keyboard is read and the character read is output again with the 
out instruction, through the display. The complete source file 
should be available at attachments/xcpu/xcpu-a8-in.gm . 



begin 


macrocode @ 0 


start 


• 




in 1 




not 




not 




jump_if_zero #start 




out 0 




jump #start 


stop : 






stop 


end 





Video: ogv http://www.youtube.com/watch?v=JhGoQhssWQM . 
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Here is proposed a restructuring of the simple CPU developed up 
to this point, to rearrange and simplify its operation. Version "Bl" 
starts from the implementation of uniform registers, up to an opti- 
mization of the operation, avoiding unnecessary clock cycles. 



Attachments 


Description 


attachments/xcpu/xcpu-bl . v 


TKGate Verilog netlist source file. 


attachments/xcpu/xcpu-bl .gm 


TKGate microcode and 
macrocode source file. 


attachments/xcpu/xcpu-bl- 
terminalvpd.tcl 


TCL/Tk script related to the termi- 
nal module TTY. 
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Descrintion 


attachments/xcpu/xcpu-b2. v 


TKGate Verilog netlist source file. 


attachmen ts/xcpu/xcpu - b2.gm 


TKGate microcode and 
macrocode source file. 


attachments/xcpu/xcpu-b2- 
terminal.vpd.tcl 


TCL/Tk script related to the termi- 
nal module TTY . 
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Figure 10.2. Simple CPU version "Bl 
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10.1 Uniform registers 



« 



All the registers of the new simple CPU have the opportunity to in- 
crease and reduce the value that they contain, by one unit; moreover, 
they have the ability to read data from the bus (B) or from an auxil- 
iary input (X). In order to monitor their activity, these registers have 
two outputs where LEDs could be connected: these outputs are acti- 
vated when reading or writing is requested. 

Figure 10.3. Generalized registers, external appearance. 
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Figure 10.4. Generalized register: internal structure. 
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10.2 Module "RAM 
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The RAM module may receive the address directly from the regis- 
ters PC, SP, I and /, without mediation, so the MAR used until the 
earlier version is now removed. The choice of the address register to 
read depends on the code contained in the group of lines of the C 
input. 

Figure 10.5. Module RAM, external appearance. 
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test point: active when a byte is 
read from the RAM 



test point: active when a byte is 
written inside the RAM , 

data bus 

The internal diagram of the RAM module changes substantially, al- 
lowing to use the address from the selected register, but only at the 
state in which this data is valid. In the diagram there is the addition 
of a module, called //, which is a register controlled by an enable 
input line (it does not react only at the clock edge). This kind of 
register is used to maintain stored a value for all the time in which 
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the input H is asserted (zero, as it is a complemented input line), 
otherwise it is traversed transparently by the data. 

Figure 10.6. Module RAM, internal structure. 
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In this version of the CPU, during a clock cycle, the address used to 
locate a memory cell may not be stable, due to various factors. First 
of all, the address is selected, by a multiplexer, from four different 
registers, but this selection can be done at the start of the T phase 
shown inside the next figure; therefore, in this first phase the address 
received by the RAM module changes in the majority of cases. Then, 
when the clock signal changes from zero to one, the address source 
register might be updated in preparation for the next step. Therefore, 
the valid information from the address used for the RAM appears 
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just before the clock positive edge (phase 'IF). However, when it is 
required to write a value in the RAM, the RAM itself needs to have 
the address for a certain time, during which this address should not 
change: this is done with the H module that is transparent when the 
signal clock is zero, while it blocks its value when the clock signal is 
active. For that reason, the RAM is enabled for receiving a request to 
read or write only during the active period of the clock signal (phase 
'III'). When the RAM is just read, it is sufficient that the RAM has 
had time to provide the data corresponding to the address selected 
when the information is then loaded from the bus by another register. 

Inside the figure, the graph 'A' refers to the ranges of validity of 
the address information, around the positive variation of the clock 
signal. The graph 'B' shows the situation at the output of module H, 
which extends the validity of the incoming address, because when 
the clock signal becomes positive, the module H blocks the value at 
its output. The graph 'C shows the period in which it is granted to 
the RAM memory to change its content (RAM write). 

Figure 10.7. Functional phases for the RAM module. 
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The module H is made of simple SR flip-flops, connected so as to 
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operate as D flip-flops, with the enable input. Simple flip-flops with 
enable input are used to avoid the introduction of excessive latencies. 
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Figure 10.8. Module H {hold), internal structure. 
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« 



The selection module is not changed, except for the reorganization 
of the wiring and the addition of a diagnostic output to know when 
the evaluated condition is fulfilled (output t). 

Figure 10.9. Module SEL, internal structure. 
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10.4 Module "ALU" 

Also the ALU module is not substantially changed from the previous 
one: the control lines are joined together and there is a new diagnos- 
tic indicator (output o) that is active when the module writes to the 
bus. 



« 
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Figure 10.10. Module ALU, internal structure. 
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v bO = carry 
b1 = zero 
V 8 b2 = negative 
b3 = overflow 



C=01: 
C=03: 
C=05: 
C=07: 
C=09: 
C- 



C= 
C= 

C: 

C=21: 
C=23: 
C=25; 
0=21: 
C=29; 
C=31: 



control 

NOT A (Carry and Overflow unchanged) 
A AND B (Carry and Overflow unchanged) 
A OR B (Carry and Overflow unchanged) 
A XOR B (Carry and Overflow unchanged) 
logic shift left 
logic shift right 
arithmetic shift left 
arithmetic shift right 
rotation left 
rotation right 
rotation left with carry 
rotation right with carry 
A plus B with carry 
A minus B with carry 
A plus B with no carry 
A minus B with no carry 




bus write - select 



10.5 Module "TTY": the terminal 

The terminal, made of the keyboard- screen group, is different from 
the previous version of the simple CPU, because it is unified, as it 
is implemented already for the TKGate library. However, the uni- 
fication internally maintains the circuit distinction of the previous 
version and also the same operating logic; in practice, keyboard and 
screen continue to be managed separately, but the TCL/Tk imple- 
mentation code is made of a single module, which manifests itself in 
a single window during the TKGate simulation. 
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Figure 10.11. Module TTY, internal structure. 
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In the figure that shows the circuit of the TTY module there is a 
different area distinguishing the two portions, related to keyboard 
and screen: it should be noticed that the two blocks are activated via 
different addresses (input A), exactly as it is in the previous version. 
The terminal module is written in Verilog, as already done in the 
previous version, but in this case it is a single module, for keyboard 
and screen. In turn, the terminal module uses TCL/Tk code that is 
contained in the file 'terminal.tcl' shown immediately after the 
Verilog code. 
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Listing 10.12. Module terminal, written in Verilog. 



module terminal (K_DATA, 


K_REQ, K_ACK, 




S_DATA, 


S_REQ, S_ACK, CLR) ; 


output K_ACK; 






output S_ACK; 






output [7:0] K_ 


DATA; 




input [7:0] S_DATA; 




input K_REQ; 






input S_REQ; 






input CLR; 






reg k_ready; 






reg [7:0] key; 

_) \- -i _L f 






reg s_ready; 






initial 






begin 






k_ready = 


0; 




s_ready = 


0; 




key = 0 ; 






end 






always 






begin 






@ (posedge 


CLR) 




k_ready = 


0; 




s_ready = 


0; 




key = 0 ; 






end 
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initial $tkg$post ("TERMINAL", "%m") ; 

always 
begin 

@ (po sedge K_REQ) ; 

# 5; 

key = $tkg$recv ("%m.KD") ; 

# 5; 

k_ready = l'bl; 

# 5; 

@ (negedge K_REQ) ; 

# 5; 

k_ready = 1'bO; 
end 

always 
begin 

@ (posedge S_REQ) ; 

# 5; 

$tkg$ send ( " %m . SD " , S_DATA) ; 

# 5; 

s_ready = l'bl; 

# 5; 

@ (negedge S_REQ) ; 

# 5; 

s_ready = 1'bO; 
end 

assign S_ACK = s_ready; 
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assign K_DATA = key; 
assign K_ACK = k_ready; 

endmodule 



Listing 10.13. File 'share/tkgate/vpd/terminal . tcl'. The 
file is similar to the one included in the TKGate library, for the 
terminal management. 

image create bitmap txtcurs -file "$bd/txtcurs .b" 

VPD :: register TERMINAL 
VPD::allow TERMINAL :: post 
VPD:: allow TERMINAL :: data 

namespace eval TERMINAL { 

# Public variables declarations: the variables $terminal_. . . 

# are arrays of which only the element $n is used; 

# that element identifies uniquely the working interface instance. 

variable terminal_w 
variable terminal_pos 
# 

variable KD 

# Function requested by TKGate to create the interface . 

proc post {n} { 

variable terminal_w 
variable terminal_pos 

# Create the window and save the object element in a $terminal_w array element . 

set terminal_w ($n) [VPD : : createWindow "TERMINAL $n" -shutdowncommand "TERMINAL :: impost $n"] 

# For convenience, copy the object reference inside the local 

# variable $w; then, the variable $w will be used as a reference to the object . 

set w $terminal_w ( $n ) 

text $w.txt -state disabled 

pack $w.txt 

# Put the cursor at the end of the displayed text . 

$w.txt image create end -image txtcurs 

# Bind the keyboard input, related to the object represented by 
§ $terminal_w ($n) , to the function sendChar . 

bind $w <KeyPress> "TERMINAL :: sendChar $n \"%A\"" 

# Open a reading channel, named «SD» (screen data), 

# and associate it to the function «data»; moreover, open a 
§ writing channel, named «KD» (keyboard data) . 

if {[info exists : :tkgate_islnitialized] } { 
VPD: :outsignal $n.KD TERMINAL :: KD ( $n) 

VPD : : insignal $n.SD -command "TERMINAL :: data $n" -format %d 

} 

# Reset the character count, used to count the characters displayed 
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# on screen. 

set terminal_pos ( $n) 0 

} 

# Function that receives the typing and put it Into the 

# channel «KD», related to the current interface instance. 

proc sendChar {n key} { 
variable KD 

if { [string length $key ] == 1 } { 
binary scan $key c c 
set TERMINAL: : KD ($n) $c 

} 

} 

# Function that TKGate requires to destroy the interface. 

proc unpost {n} { 

variable terminal_w 
variable terminal_pos 
destroy $terminal_w ($n) 
destroy $terminal_pos ($n) 
unset terminal_w ( $n) 
unset terminal_pos ( $n) 

} 

# Function used to get the data to display on screen. 

proc data {n c} { 

variable terminal_w 
variable terminal_pos 

# For convenience, copy the object reference representing the 

# interface, inside the variable $w. 

set w $terminal_w ( $n) 
catch { 

# The variable $c contains the character to display. 

if { $c == 7 } { 

# BEL 

bell 
return 

} elseif { $c == 127 | $c == 8 } { 

# DEL I BS 

if { $terminal_pos ($n) > 0 } { 

# Delete the last displayed character, but only if the 

# characters counter is greater than zero, otherwise 
§ the cursor would disappear and the next characters 
§ would be located in an invisible screen area . 
$w.txt configure -state normal 

$w.txt delete "end - 3 chars" 
$w.txt see end 

$w.txt configure -state disabled 

set terrainal_pos ($n) [expr {$terminal_pos ( $n) - l}] 

} 

return 
} elseif { $c == 13 } { 

# Convert CR to LF. 

set c 10 

} 
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# Convert the character number into a visible 


symbol . 








set x [format %c $c] 










# Display the symbol . 










$w.txt configure -state normal 










$w.txt insert "end - 2 chars" $x 










$w.txt see end 










$w.txt configure -state disabled 










# Update the displayed characters counter. 




} 


} 


} 


set terminal_pos ( $n) [expr {$terminal_pos ( $n) 


+ 1}] 
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10.6 Module "CTRL": control unit 

To simplify the organization of the wiring, the control unit incorpo- 
rates the generator of clock pulses; moreover, the generator of clock 
pulses incorporates the management of the reset signal, so that it is 
removed only at the more suitable time for the impulse clock: up to 
the previous version of the simple CPU, the circuit required a man- 
ual reset before the CPU could work properly, but the release of the 
reset signal could happen at an unsuitable time, which made it all 
unstable. 

Figure 10.14. Timing for the clear line. 
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The following picture shows the block diagram of the control unit 
that integrates the clock functionality. In the left part is the circuit 
that generates the clock pulses and controls the clear line. The mod- 
ule fdiv is extended compared to the previous version, in order to 
be able to divide more the frequency. The frequency selection is 
made through a multiple switch (dip switch) connected to a multi- 
plexer that is seen at the top. However, the experiments with TKGate 
show that the CPU can operates with a maximum clock frequency 
of 1.25 MHz that is produced setting this switch to the value 1. 
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Figure 10.15. Control unit with the clock generator. 
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There are different fdiv modules inside the control unit: the central 
one is used to count the pulses to synchronize the reset line, the 
rightmost is used to count clock pulses from the start for diagnostic 
purposes, giving the counted value through the t output. 

On the right part of the figure that represents the original control unit, 
there is a unique 16-bit counter (MCP) and it lacks the opportunity 
to restore the execution of the microcode from the beginning (ad- 
dress zero). The two least significant bit of the control word are used 
to carry the clock pulse and the reset signal (clear); the same two 
least significant lines that come out from the memory that contains 
the microcode, are used to control the module itself and do not affect 
the rest of the CPU. This version of the control unit does not allow 
to resume the clock signal after the internal stop line is asserted. 

Figure 10.16. Connections to the control bus. 
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On the picture above there are some components of the simple CPU, 
connected to the control bus. All these components have in common 
the c input (lowercase) and the C input (upper case). The c input is 
always connected to the first two lines of the bus control, from which 
it is obtained, respectively, the reset signal and the clock signal. The 
C input, instead, must be connected to the lines of the control bus 
that specifically relate to the module. In the case of generalized reg- 
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isters, these lines are always five: bmjread, bus_write, extra jread, 
increment, decrement. The PC register connects its C input to the 
lines 2 to 6 (C 6 ..2) of the control bus; the module SEL (which uses 
only four control lines) is connected to the lines 7 to 10 (C10..7), and 
so is with the other components. 

10.7 Memories, fields, arguments and opcodes 



The TKGate source used to describe the contents of the memory 
used by the simple CPU, always begins with the definition of the 
memory dimensions, along with each bank name: 



map 


bank [ 7 : 


0] 


Ctrl 


. map ; 


microcode 


bank [ 31 


:0] 


Ctrl 


. microO ; 


microcode 


bank [ 63 


:32] 


Ctrl 


. microl ; 


microcode 


bank [ 91 


: 64] 


Ctrl 


. micro2 ; 


macrocode 


bank [ 7 : 


0] 


ram . 


ram; 



In this version of the simple CPU there are some changes to the 
memory names, in order to make clearer each respective task. It 
should be noticed that three memory modules, each of 32 bits, are 
used for the microcode word, because the control bus requires the 
use of many lines. 



field 


Ctrl [1:0] 


= {nop=0, stop= 


= 1, load=2}; 




field 


pc [ 6 : 2 ] 


= {br=l, bw=2, 


xr=4, inc=8, dec=16}; 


field 


sel [10:7] 


= {if_carry=l, 


if_not_carry=3, 








if_zero=5 , 


if_not_zero=7 , 








if_negative 


=9, if_not_negative=ll , 






if_overf low 


=13, if_not_overf low= 


15}; 


field 


mdr [15 : 11] 


= {br=l, bw=2, 


xr=4, inc=8, dec=16} 




field 


j [20 : 16] 


= {br=l, bw=2, 


xr=4, inc=8, dec=16} 




field 


ram [24 :21] 


= {br=l, bw=2, 


p=0, i=4, j=8, s=12} 




field 


ir [29:25] 


= {br=l, bw=2, 


xr=4, inc=8, dec=16} 




field 


sp [34 : 30] 


= {br=l, bw=2, 


xr=4, inc=8, dec=16} 
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field 


i [39:35] 


= {br=l, 


bw=2, xr=4, inc=8, dec=16}; 


field 


b [44 : 40] 


= {br=l, 


bw=2, xr=4, inc=8, dec=16}; 


field 


fl [49:45] 


= {br=l, 


bw=2, xr=4, inc=8, dec=16}; 


field 


alu[54:50] 


= {not=l 


, and=3, or=5, xor=7, lshl=9, lshr=ll, 






ashl = 


13, ashr=15, rotl=17, rotr=19, rotcl=21, 






rotcr 


=23, add_c=25, sub_b=2 7, add=2 9, sub=31}; 


field 


a[59:55] 


= {br=l, 


bw=2, xr=4, inc=8, dec=16}; 


field 


ioa [64 : 60] 


= {br=l, 


bw=2, xr=4, inc=8, dec=16}; 


field 


ioc [68:65] 


= {br=l, 


bw=2, req=4, isack=8}; 



The control word fields are written in a more compact manner. It 
should be noticed that values that can be represented in each field 
may be added with the binary OR operator. In practice, in relation to 
the field pc, which refers to the PC register control lines, both the 
writing to the data bus (pc=bw) and the increment (pc=inc) could 
be turned on, during the same clock cycle. 

Inside the ctrl field declaration there are the first two lines, used for 
the stop clock and microinstruction load, but it is worth to remaind 
that those two lines are not connected to the control bus outside, 
because in their place there are the clear and clock lines. 

In this version of the project it is possible to declare a null microin- 
struction, with the sole purpose of waiting a clock cycle. This mi- 
croinstruction is selected with: ctrl=nop. 

The opcode remains 8-bit long, then, there may be a maximum of 
two arguments (8 bits each): 

operands op_0 { 

- = { I; 

}; 

operands op_l { 

#1 = { +1=#1 [7:0] ; }; 
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}; 

operands op_2 { 

#1,#2 = { +1=#1[7:0]; +2=#2[15:8]; }; 

}; 



The opcode of the available macroinstructions is simply an integer 
that starts from zero, matching the nop instruction, ending with 255 
which matches the stop instruction. There are no other considera- 
tions. 



op nop { 




// not 


operate 


map nop : 0 ; 








+0 [7 : 0] =0; 








operands op 

}; 


0; 






op load 




// MDR 


< — RAM[arg] 


{ 








map load: 1; 








+0 [7 : 0] =1; 








operands op 

}; 


1; 






op load i 




// MDR 


< — RAM[±] 


{ 








map load_i : 


2; 






+0 [7 : 0] =2; 








operands op 

}; 


0; 






op load j 




// MDR 


< — RAM[j] 


{ 








map load_j : 


3; 






+0 [7 : 0] =3; 
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operands op 0; 

}; 








op store { 

map store: 4; 
+0 [7 : 0] =4; 
operands op 1; 

}; 


// RAM[arg] <- 


— MDR 




op store_i { 

map store_i: 5; 
+0 [7 : 0] =5; 
operands op 0; 

}; 


// RAM[±] < — 


MDR 




op store_j { 

map store_j : 6 ; 
+0 [7 : 0] =6; 
operands op 0; 

}; 


// RAM[j] <— 


MDR 




op cp_ij { 

map cp_i j : 7 ; 
+0 [7 : 0] =7; 
operands op 0; 

}; 


// RAM[j++ ] <- 


— MDR 


< — RAM[±++] 


op cp_ji { 

map cp_ j i : 8 ; 
+0 [7 : 0] =8; 
operands op 0; 

}; 


// RAM[1++] <- 


— MDR 


< — RAM[j++] 


op mv_mdr_a { 

map mv_mdr_a : 9 ; 
+0 [7 : 0] =9; 


// A < — MDR 
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operands op 0; 

}; 






op mv_mdr_b { 
map mv_mdr_b : 
+0 [7:0] =10; 


// B <— 

10; 


MDR 


operands op 0; 

}; 






op mv_mdr_fl { 
map mv_mdr_fl: 
+0 [7:0]=11; 


// FL <- 

11; 


- MDR 


operands op 0; 

}; 






op mv_mdr_sp { 
map mv_mdr_sp : 
+ 0 [7:0] =12; 


// sp <- 

12; 


- MDR 


operands op 0; 

}; 






op mv_mdr_i { 
map mv_mdr_i : 
+0 [7 : 0] = 13; 


// J <— 

13; 


MDR 


operands op 0; 

}; 






op mv_mdr_j { 
map mv_mdr_j : 
+0 [7 : 0] =14; 


// J <— 

14; 


MDR 


operands op 0; 

}; 






op mv_a_mdr { 
map mv_a_mdr : 
+0 [7 : 0] =15; 


// A <— 

15; 


MDR 
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operands op_0; 

}; 




r 

op mv_a_b { 


// B <— A 


map mv_a_b : 16; 




+0 [7 : 0] = 16; 




operands op_0; 

}; 




r 

op mv_a_f 1 { 


// FL < — A 


map mv_a_f 1 : 17; 




+0 [7:0]=17; 




operands op_0; 

}; 




r 

op mv_a_sp { 


// SP < — A 


map mv_a_sp : 18; 




+0 [7 : 0] =18; 




operands op_0; 

}; 




op mv_a_i { 


// I <— A 


map mv_a_i : 19; 




+0 [7 : 0] =19; 




operands op_0; 

}; 




r 

op mv_a_j { 


// J <— A 


map mv_a_j : 20; 




+0 [7 : 0] =20; 




operands op_0; 

}; 




r 

op mv_b_a { 


// A <— B 


map mv_b_a : 21; 




+0 [7 : 0] =21; 
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operands op_0; 

}; 




r 

op mv_b_mdr { 


// MDR < — B 


map mv_b_mdr : 22; 




+0 [7 : 0] =22; 




operands op_0; 

}; 




r 

op mv_b_f 1 { 


// FL < — B 


map mv_b_f 1 : 2 3; 




+0 [7:0]=23; 




operands op_0; 

-> 

}; 




r 

op mv_b_sp { 


// SP < — B 


map mv_b_sp : 2 4; 




+0 [7 : 0] =24; 




operands op_0; 

-> 

}; 




op mv_b_i { 


// I <— B 


map mv_b_i : 2 5; 




+0 [7 : 0] =25; 




operands op_0; 

}; 




op mv_b_j { 


// J <— B 


map mv_b_j : 2 6; 




+ 0 [7 : 0] =26; 




operands op_0; 

}; 




r 

op mv_f l_a { 


// A < — FL 


map mv_f l_a : 2 7; 




+0 [7 : 0] =27; 
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operands op_0; 

}; 






r 

op mv_f l_b { 


// B <— 


FL 


map mv_f l_b : 2 8; 






+0 [7 : 0] =28; 






operands op_0; 

}; 






r 

op mv_fl_mdr { 


// MDR <■ 


— FL 


map mv_f l_mdr : 2 9; 






+ 0 [7 : 0] =29; 






operands op_0; 

}; 






r 

op mv_fl_sp { 


// SP <- 


- FL 


map mv_fl_sp: 30; 






+0 [7 : 0] =30; 






operands op_0; 

}; 






op mv_f l_i { 


// I <— 


FL 


map mv_f l_i : 31; 






+0 [7 : 0] =31; 






operands op_0; 

}; 






op mv_fl_j { 


// J <— 


FL 


map mv_f l_j : 32; 






+0 [7 : 0] =32; 






operands op_0; 

}; 






r 

op mv_sp_a { 


// A <— 


SP 


map mv_sp_a : 33; 






+0 [7 : 0] =33; 
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operands op_0; 

}; 






r 

op mv_sp_b { 


// B <— 


SP 


map mv_sp_b : 34; 






+0 [7 : 0] =34; 






operands op_0; 

}; 






op mv_sp_fl { 


// FL <- 


- SP 


map mv_sp_fl: 35; 






+0 [7 : 0] =35; 






operands op_0; 

}; 






r 

op mv_sp_mdr { 


// MDR <■ 


— SP 


map mv_sp_mdr : 3 6 


r 




+0 [7 : 0] =36; 






operands op_0; 

}; 






r 

op mv_sp_i { 




SP 


map mv_sp_i : 37; 






+0 [7 : 0] =37; 






operands op_0; 

}; 






r 

op mv_sp_j { 


// J <— 


SP 


map mv_sp_j : 38; 






+0 [7 : 0] =38; 






operands op_0; 

}; 






r 

op mv_i_a { 


// A <— 


I 


map mv_i_a : 3 9; 






+0 [7 : 0] =39; 
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operands op_0; 

}; 




op mv_i_b { 


// B <— I 


map mv_i_b : 4 0; 




+0 [7 : 0] =40; 




operands op_0; 

}; 




r 

op mv_i_f 1 { 


// FL < — J 


map mv_i_f 1 : 41; 




+0 [7 : 0] =41; 




operands op_0; 

}; 




r 

op mv_i_sp { 


// SP < — I 


map mv_i_sp : 4 2; 




+0 [7 : 0] =42; 




operands op_0; 

}; 




op mv_i_mdr { 


// MDR < — I 


map mv_i_mdr : 4 3; 




+0 [7 : 0] =43; 




operands op_0; 

}; 




r 

op mv_i_j { 


// J <— I 


map mv_i_j : 44; 




+0 [7 : 0] =44; 




operands op_0; 

}; 




r 

op mv_j_a { 


// A <— J 


map mv_ j_a : 45; 




+0 [7 : 0] =45; 
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operands op_0; 

}; 




op mv_j_b { 


// B <— J 


map mv_ j_b : 4 6; 




+ 0 [7 : 0] =46; 




operands op_0; 

}; 




r 

op mv_j_fl { 


// FL < — J 


map mv_j_fl: 47; 




+0 [7 : 0] =47; 




operands op_0; 

}; 




r 

op mv_j_sp { 


// SP < — J 


map mv_ j_sp : 48; 




+0 [7 : 0] =48; 




operands op_0; 

}; 




op mv_]_i { 


// I <— J 


map mv_ j_i : 4 9; 




+0 [7 : 0] =49; 




operands op_0; 

}; 




r 

op mv_]_mdr { 


// MDR < — J 


map mv_ j_mdr : 50; 




+0 [7 : 0] =50; 




operands op_0; 

}; 




r 

op jump { 


// PC < — arg 


map j ump : 51; 




+0 [7 : 0] =51; 
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operands op_ 

I; 


1; 






op jump_c { 




// 


if carry, PC < — arg 


map jump_c: 
+0 [7 : 0] =52; 


52; 






operands op_ 

}; 


i; 






op jump_nc { 




// 


if not carry, PC < — arg 


map jump_nc: 
+0 [7 : 0] =53; 


53; 






operands op_ 

I; 


i; 






op jump_z { 




// 


If zero, PC < — arg 


map jump_z : 
+0 [7 : 0] =54; 


54; 






operands op_ 

}; 


1; 






op jump_nz { 




// 


if not zero, PC < — arg 


map jump_nz : 
+0 [7 : 0] =55; 


55; 






operands op_ 

}; 


i; 






op j ump_n { 




// 


if negative, PC < — arg 


map j ump_n : 
+0 [7 : 0] =56; 


56; 






operands op_ 

I; 


1; 






op jump_nn { 




// 


if not negative, PC < — arg 


map jump_nn: 
+0 [7 : 0] =57; 


57; 
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operands op_l; 

}; 






r 

op jump_o { 


// 


if overflow, PC < — arg 


map j ump_o : 5 8; 






+0 [7 : 0] = 58; 






operands op_l; 

}; 






r 

op jump_no { 


// 


if not overflow, PC < — arg 


map jump_no: 5 9; 






+0 [7 : 0] =59; 






operands op_l; 

}; 






r 

op call { 






map call : 60; 






+0 [7 : 0] =60; 






operands op_l; 

}; 






op call_i { 


// 


call I 


map call_i : 61; 






+0 [7 : 0] =61; 






operands op_0; 

}; 






r 

op call_j { 


// 


call J 


map call_j : 62 ; 






+0 [7 : 0] =62; 






operands op_0; 

}; 






r 

op return { 






map return : 63; 






+0 [7 : 0] =63; 
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operands op_0; 

}; 

op push_mdr { 

map push_mdr: 64; 
+0 [7 : 0] =64; 
operands op_0; 

}; 

op push_a { 

map push_a: 65; 
+0 [7 : 0] =65; 
operands op_0; 

}; 

op push_b { 

map push_b: 66; 
+0 [7 : 0] =66; 
operands op_0; 

}; 

op push_fl { 

map push_fl: 67; 
+0 [7:0]=67; 
operands op_0; 

}; 

op push_i { 

map push_i: 68; 
+0 [7 : 0] =68; 
operands op_0; 

}; 

op push_j { 

map push_j : 69; 
+ 0 [7:0]=69; 
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operands op_0; 

}; 

op pop_mdr { 

map pop_mdr: 70; 
+0 [7 : 0] =70; 
operands op_0; 

}; 

op pop_a { 

map pop_a: 71; 
+0 [7 : 0] =71; 
operands op_0; 

}; 

op pop_b { 

map pop_b : 72; 
+0 [7 : 0] =72; 
operands op_0; 

}; 

op pop_fl { 

map pop_fl: 73; 
+0 [7:0]=73; 
operands op_0; 

}; 

op pop_i { 

map pop_i : 74; 
+0 [7 : 0] =74; 
operands op_0; 

}; 

op pop_j { 

map pop_j : 75 ; 
+0 [7:0]=75; 
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operands op_0; 

}; 

op not { 

map not: 7 6; 
+ 0 [7 : 0] =76; 
operands op_0; 

}; 

op and { 

map and: 77; 
+0 [7 : 0] =77; 
operands op_0; 

}; 

op or { 

map or: 78; 
+0 [7 : 0] =78; 
operands op_0; 

}; 

op xor { 

map xor: 7 9; 
+ 0 [7:0]=79; 
operands op_0; 

}; 

op lshl { 

map lshl: 80; 
+0 [7 : 0] =80; 
operands op_0; 

}; 

op lshr { 

map lshr: 81; 
+0 [7:0]=81; 
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operands 

}; 


op 


_0; 


r 

op ashl { 






map ashl 


: 82; 


+ 0 [7 : 0] = 


82; 




operands 

}; 


op 


_0; 


r 

op ashr { 






map ashr 


: 83; 


+ 0 [7 : 0] = 


83; 




operands 

}; 


op 


_0; 


r 

op rotl { 






map rotl 


: 8 


4; 


+ 0 [7 : 0] = 


84; 




operands 

}; 


op 


_0; 


r 

op rotr { 






map rotr 


: 8 


5; 


+ 0 [7:0] = 


85; 




operands 

}; 


op 


_0; 


op rotcl { 






map rotcl: 


8 6; 


+ 0 [7 : 0] = 


8 6; 




operands 

}; 


op 


_0; 


op rotor { 






map rotor: 


87; 


+ 0 [7 : 0] = 


87; 
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operands op_0; 

}; 

op add_c { 

map add_c : 8 8; 
+0 [7 : 0] =88; 
operands op_0; 

}; 

op sub_b { 

map sub_b: 8 9; 
+0 [7 : 0] =89; 
operands op_0; 

}; 

op add { 

map add: 90; 
+0 [7:0]=90; 
operands op_0; 

}; 

op sub { 

map sub : 91 ; 
+0 [7 : 0] =91; 
operands op_0; 

}; 

op in { 

map in : 92; 
+0 [7 : 0] =92; 
operands op_l; 

}; 

op out { 

map out: 93; 
+0 [7 : 0] =93; 
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operands op_l; 

}; 

op is_ack { 

map is_ack: 94; 
+0 [7 : 0] =94; 
operands op_2; 

}; 

op stop { 

map stop : 2 55; 
+0 [7 : 0] =255; 
operands op_0; 

}; 



10.8 Microcode 

Inside the microcode description section, the first instructions are 
used to load the first opcode, but in this version, only one clock cycle 
is needed: 



begin microcode @ 0 






// 






ir=br ram=bw ram=p pc=inc ctrl=load; 


// 


IR <- RAM[pc++] , 




// 


jump MAP [ir] ; 



The IR register loads from the data bus what is output from the 
RAM module, which in turn receives the address from the PC regis- 
ter, which is also post-incremented. In addition to this, it is required 
to the control unit to update its microprogram-counter (fiPC) with 
the value coming from the memory ctrl.map, associated to the ad- 
dress that represents the opcode. All this can be done in a single 
clock cycle because the structure of the CPU has changed from the 
previous version. It should be considered the different phases of the 
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clock cycle, which intervene in different ways in the control unit 
with respect to the components that are then connected to the con- 
trol bus, as shown in the next picture. 

Figure 10.22. Fetch clock cycle. 



CPU clock 

clock seen 
by the /uPC 



the microprogram counter pPC 
loads the incoming value, 
which is the microcode address that 
implements the opcode 
received from the IR register 



the PC value is incremented 



the control bus is updated 
with the microcode to be 
executed and the pPC 
is prepared to load a 
value, but not immediately 



in the data bus is already 
available the opcode 
read from the RAM 



the IR register is updated 
with the value 
read from the data bus 
Therefore, with only one clock cycle, it takes place what is known 
as fetch. In the following instruction description, at the end of each 
procedure the fetch microinstruction is repeated, without the need 
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to restart the microprogram counter \iPC to the first microinstruc- 
tion, as it was necessary in previous versions of the simple CPU. 
In practice, for the macroinstruction nop there is only the fetch mi- 
croinstruction: 

nop : 

ir=br ram=bw ram=p pc=inc ctrl=load; // fetch 



It follows the description of the other macroinstructions: 



load : 












i=br ram=bw ram=p pc= 


inc; 






// 


I <- RAM[pc++] ; 


mdr=br ram=bw ram=i; 








// 


MDR <- RAM[i] ; 


ir=br ram=bw ram=p pc 


= inc 


Ctrl 


=load; 


// 


fetch 


load_i : 












mdr=br ram=bw ram=i; 








// 


MDR <- RAM[i ] ; 


ir=br ram=bw ram=p pc 


= inc 


Ctrl 


=load; 


// 


fetch 


load_j : 












mdr=br ram=bw ram=j; 








// 


MDR <- RAM[j ] ; 


ir=br ram=bw ram=p pc 


= inc 


Ctrl 


=load; 


// 


fetch 


store : 












i=br ram=bw ram=p pc= 


inc; 






// 


I <- RAM[pc++] ; 


ram=br ram=i mdr=bw; 








// 


RAM[i] <- MDR; 


ir=br ram=bw ram=p pc 


= inc 


Ctrl 


=load; 


// 


fetch 


store_i : 












ram=br ram=i mdr=bw; 








// 


RAM[ i ] <- MDR; 


ir=br ram=bw ram=p pc 


= inc 


Ctrl 


=load; 


// 


fetch 


store_j : 












ram=br ram=j mdr=bw; 








// 


RAM[j] <- MDR; 


ir=br ram=bw ram=p pc 


= inc 


Ctrl 


=load; 


// 


fetch 


cp_i j : 












mdr=br ram=bw ram=i i 


= inc; 






// 


MDR <- RAM[±++] ; 


ram=br ram=j mdr=bw j 


= inc; 






// 


RAM [ <- MDR; 


ir=br ram=bw ram=p pc 


= inc 


Ctrl 


=load; 


// 


fetch 


cp_ji : 












mdr=br ram=bw ram=j j 


= inc; 






// 


MDR <- RAM[j++] ; 


ram=br ram=i mdr=bw i 


= inc; 






// 


RAM[±++] <- MDR; 


ir=br ram=bw ram=p pc 


= inc 


Ctrl 


=load; 


// 


fetch 


mv_mdr_a : 
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a=br mdr=bw; 














// 


A <- MDR; 




ir=br 


ram=bw 


ram= 


= P 


pc= 


inc 


Ctrl 


=load; 


// 


fetch 


mv_ 


_mdr_b : 






















b=br mdr=bw; 














// 


B <- MDR; 




ir=br 


ram=bw 


ram= 


= P 


pc= 


inc 


Ctrl 


=load; 


// 


fetch 


mv_ 


_mdr_f 1 : 
fl=br 


mdr=bw; 














// 


FL <- MDR; 




ir=br 


ram=bw 


ram= 


= P 


pc= 


inc 


Ctrl 


=load; 


// 


fetch 


mv_ 


_mdr_sp : 
sp=br 


mdr=bw; 














// 


SP <- MDR; 




ir=br 


ram=bw 


ram= 


= P 


pc= 


inc 


Ctrl 


=load; 


// 


fetch 


mv_ 


_mdr_i : 






















i=br mdr=bw; 














// 


I <- MDR; 




ir=br 


ram=bw 


ram= 


= P 


pc= 


inc 


Ctrl 


=load; 


// 


fetch 


mv_ 


_mdr_j : 






















j=br mdr=bw; 














// 


J <- MDR; 




ir=br 


ram=bw 


ram= 


= P 


pc= 


inc 


Ctrl 


=load; 


// 


fetch 


mv_ 


_a_mdr : 
mdr=br 


a=bw; 














// 


MDR <- A; 




ir=br 


ram=bw 


ram= 


= P 


pc= 


inc 


Ctrl 


=load; 


// 


fetch 


mv_ 


_a_b : 
b=br a 


=bw; 














// 


B <- A; 




ir=br 


ram=bw 


ram= 


= P 


pc= 


inc 


Ctrl 


=load; 


// 


fetch 


mv_ 


_a_f 1 : 
f l=br 


a=bw; 














// 


FL <- A; 




ir=br 


ram=bw 


ram= 


= P 


pc= 


inc 


Ctrl 


=load; 


// 


fetch 


mv_ 


_a_sp : 
sp=br 


a=bw; 














// 


SP <- A; 




ir=br 


ram=bw 


ram= 


= P 


pc= 


inc 


Ctrl 


=load; 


// 


fetch 


mv_ 


_a_i : 
i=br 


a=bw; 














// 


I <- A; 




ir=br 


ram=bw 


ram= 


= P 


pc= 


inc 


Ctrl 


=load; 


// 


fetch 


mv_ 


_a_j : 
j=br 


a=bw; 














// 


J <- A; 




ir=br 


ram=bw 


ram= 


= P 


pc= 


inc 


Ctrl 


=load; 


// 


fetch 


mv_ 


_b_a : 
a=br b 


=bw; 














// 


A <- B; 




ir=br 


ram=bw 


ram= 


=P 


pc= 


inc 


Ctrl 


=load; 


// 


fetch 


mv_ 


_b_mdr : 
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mdr=br b=bw; 














// 


MDR <- B; 




ir=br ram=bw 


ram= 


= P 


pc= 


inc 


Ctrl 


=load; 


// 


fetch 


mv_ 


_b_f 1 : 

fl=br b=bw; 














// 


FL <- B; 




ir=br ram=bw 


ram= 


= P 


pc= 


inc 


Ctrl 


=load; 


// 


fetch 


mv_ 


_b_sp : 

sp=br b=bw; 














// 


SP <- B; 




ir=br ram=bw 


ram= 


= P 


pc= 


inc 


Ctrl 


=load; 


// 


fetch 


mv_ 


_b_i : 

i=br b=bw; 














// 


I <- B; 




ir=br ram=bw 


ram= 


= P 


pc= 


inc 


Ctrl 


=load; 


// 


fetch 


mv_ 


_b_j : 

j=br b=bw; 














// 


J <- B; 




ir=br ram=bw 


ram= 


= P 


pc= 


inc 


Ctrl 


=load; 


// 


fetch 


mv_ 


_fl_a: 

a=br fl=bw; 














// 


A <- FL; 




ir=br ram=bw 


ram= 


= P 


pc= 


inc 


Ctrl 


=load; 


// 


fetch 


mv_ 


_f l_b : 

b=br fl=bw; 














// 


B <- FL; 




ir=br ram=bw 


ram= 


= P 


pc= 


inc 


Ctrl 


=load; 


// 


fetch 


mv_ 


_f l_mdr : 

mdr=br fl=bw; 














// 


MDR <- FL; 




ir=br ram=bw 


ram= 


= P 


pc= 


inc 


Ctrl 


=load; 


// 


fetch 


mv_ 


_f l_sp : 

sp=br fl=bw; 














// 


SP <- FL; 




ir=br ram=bw 


ram= 


= P 


pc= 


inc 


Ctrl 


=load; 


// 


fetch 


mv_ 


_f l_i : 

i=br fl=bw; 














// 


I <- FL; 




ir=br ram=bw 


ram= 


= P 


pc= 


inc 


Ctrl 


=load; 


// 


fetch 


mv_ 


-f 1_ j : 

j=br fl=bw; 














// 


J <- FL; 




ir=br ram=bw 


ram= 


= P 


pc= 


inc 


Ctrl 


=load; 


// 


fetch 


mv_ 


_sp_a : 

a=br sp=bw; 














// 


A <- SP; 




ir=br ram=bw 


ram= 


= P 


pc= 


inc 


Ctrl 


=load; 


// 


fetch 


mv_ 


_sp_b : 

b=br sp=bw; 














// 


B <- SP; 




ir=br ram=bw 


ram= 


=P 


pc= 


inc 


Ctrl 


=load; 


// 


fetch 


mv_ 


_sp_f 1 : 
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fl=br sp=bw; 














// 


FL <- SP; 




ir=br ram=bw 


ram= 


= P 


pc= 


inc 


Ctrl 


=load; 


// 


fetch 


mv_ 


_sp_mdr : 




















mdr=br sp=bw; 














// 


MDR <- SP; 




ir=br ram=bw 


ram= 


= P 


pc= 


inc 


Ctrl 


=load; 


// 


fetch 


mv_ 


_sp_i : 




















i=br sp=bw; 














// 


I <- SP; 




ir=br ram=bw 


ram= 


= P 


pc= 


inc 


Ctrl 


=load; 


// 


fetch 


mv_ 


_sp_j : 




















j=br sp=bw; 














// 


J <- SP; 




ir=br ram=bw 


ram= 


= P 


pc= 


inc 


Ctrl 


=load; 


// 


fetch 


mv_ 


_i_a : 




















a=br i=bw; 














// 


A <- I; 




ir=br ram=bw 


ram= 


= P 


pc= 


inc 


Ctrl 


=load; 


// 


fetch 


mv_ 


_i_b: 




















b=br i=bw; 














// 


B <- I; 




ir=br ram=bw 


ram= 


= P 


pc= 


inc 


Ctrl 


=load; 


// 


fetch 


mv_ 


_i_f 1 : 




















fl=br i=bw; 














// 


FL <- I; 




ir=br ram=bw 


ram= 


= P 


pc= 


inc 


Ctrl 


=load; 


// 


fetch 


mv_ 


_i_sp : 




















sp=br i=bw; 














// 


SP <- I; 




ir=br ram=bw 


ram= 


= P 


pc= 


inc 


Ctrl 


=load; 


// 


fetch 


mv_ 


_i_mdr : 




















mdr=br i=bw; 














// 


MDR <- I; 




ir=br ram=bw 


ram= 


= P 


pc= 


inc 


Ctrl 


=load; 


// 


fetch 


mv_ 






















j=br i=bw; 














// 


J <- I; 




ir=br ram=bw 


ram= 


= P 


pc= 


inc 


Ctrl 


=load; 


// 


fetch 


mv_ 


-j_a : 




















a=br j=bw; 














// 


A <- J; 




ir=br ram=bw 


ram= 


= P 


pc= 


inc 


Ctrl 


=load; 


// 


fetch 


mv_ 


.j_b: 




















b=br j=bw; 














// 


B <- J; 




ir=br ram=bw 


ram= 


= P 


pc= 


inc 


Ctrl 


=load; 


// 


fetch 


mv_ 


_j_fl: 




















fl=br j=bw; 














// 


FL <- J; 




ir=br ram=bw 


ram= 


=P 


pc= 


inc 


Ctrl 


=load; 


// 


fetch 


mv_ 


-j_sp: 
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sp=br j=bw; 






// 


SP <- J; 


ir=br ram=bw 


ram=p pc=inc Ctrl 


=load; 


// 


fetch 


mv_ j_i : 










i=br j=bw; 






// 


I <- J; 


ir=br ram=bw 


ram=p pc=inc Ctrl 


=load; 


// 


fetch 


mv_ j_mdr : 










mdr=br j=bw; 






// 


MDR <- J; 


ir=br ram=bw 


ram=p pc=inc Ctrl 


=load; 


// 


fetch 


jump : 










i=br pc=bw; 






// 


I <- PC 


pc=br ram=bw 


ram=i ; 




// 


PC < — RAM[±] 


ir=br ram=bw 


ram=p pc=inc Ctrl 


=load; 


// 


fetch 


j ump_c : 










mdr=br ram=bw 


ram=p pc=inc; 




// 


MDR < — RAM[pc++] 


pc=br sel=if_ 


carry; 




// 


PC = (carry?MDR:PC) 


ir=br ram=bw 


ram=p pc=inc Ctrl 


=load; 


// 


fetch 


jump_nc : 










mdr=br ram=bw 


ram=p pc=inc; 




// 


MDR < — RAM[pc++] 


pc=br sel=if_ 


not_carry ; 




// 


PC = (not_carry?MDR:PC) 


ir=br ram=bw 


ram=p pc=inc Ctrl 


=load; 


// 


fetch 


jump_z : 










mdr=br ram=bw 


ram=p pc=inc; 




// 


MDR < — RAM[pc++] 


pc=br sel=if_ 


zero; 




// 


PC = (zero?MDR:PC) 


ir=br ram=bw 


ram=p pc=inc Ctrl 


=load; 


// 


fetch 


jump_nz : 










mdr=br ram=bw 


ram=p pc=inc; 




// 


MDR < — RAM[pc++] 


pc=br sel=if_ 


not_zero; 




// 


PC = (not_zero?MDR:PC) 


ir=br ram=bw 


ram=p pc=inc Ctrl 


=load; 


// 


fetch 


j ump_n : 










mdr=br ram=bw 


ram=p pc=inc; 




// 


MDR < — RAM[pc++] 


pc=br sel=if_ 


negative; 




// 


PC = (negative?MDR:PC) 


ir=br ram=bw 


ram=p pc=inc Ctrl 


=load; 


// 


fetch 


jump_nn : 










mdr=br ram=bw 


ram=p pc=inc; 




// 


MDR < — RAM[pc++] 


pc=br sel=if_ 


not_negat i ve ; 




// 


PC = (not_negative?MDR:PC) 


ir=br ram=bw 


ram=p pc=inc Ctrl 


=load; 


// 


fetch 


j ump_o : 










mdr=br ram=bw 


ram=p pc=inc; 




// 


MDR < — RAM[pc++] 


pc=br sel=if_ 


overflow; 




// 


PC = (overflow?MDR:PC) 
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ir=br ram=bw 


ram=p pc=inc 


ct rl = 


load; 


// 


fetch 


jump_no : 












mdr=br ram=bw ram=p pc=inc 






// 


MDR < — RAM[pc++] 


pc=br sel = if_ 


_not_overf low; 






// 


PC = (not_overflow?MDR:PC) 


ir=br ram=bw 


ram=p pc=inc 


ct rl = 


load; 


// 


fetch 


call : 












i=br ram=bw ram=p pc=inc sp=dec 




// 


I <- RAM[pc++], SP — ; 


ram=br ram=s 


pc=bw; 






// 


RAM[sp] <- PC; 


pc=br i=bw; 








// 


PC <- I; 


ir=br ram=bw 


ram=p pc=inc 


ct rl = 


load; 


// 


fetch 


call_i : 












sp=dec; 








// 


SP—; 


ram=br ram=s 


pc=bw; 






// 


RAM[sp] <- PC; 


pc=br i=bw; 








// 


PC <- I; 


ir=br ram=bw 


ram=p pc=inc 


ct rl = 


load; 


// 


fetch 


call_j : 












sp=dec; 








// 


SP—; 


ram=br ram=s 


pc=bw; 






// 


RAM[sp] <- PC; 


pc=br j=bw; 








// 


PC <- J; 


ir=br ram=bw 


ram=p pc=inc 


ct rl = 


load; 


// 


fetch 


return : 












pc=br ram=bw 


ram=s sp=inc; 






// 


PC <- RAM[sp++]; 


ir=br ram=bw 


ram=p pc=inc 


ct rl = 


load; 


// 


fetch 


push_mdr : 












sp=dec; 








// 


SP — ; 


ram=br ram=s 


mdr=bw; 






// 


RAM[sp] <- MDR; 


ir=br ram=bw 


ram=p pc=inc 


ct rl = 


load; 


// 


fetch 


push_a : 












sp=dec; 








// 


SP—; 


ram=br ram=s 


a=bw; 






// 


RAM[sp] <- A; 


ir=br ram=bw 


ram=p pc=inc 


ct rl = 


load; 


// 


fetch 


push_b : 












sp=dec; 








// 


SP—; 


ram=br ram=s 


b=bw; 






// 


RAM[sp] <- B; 


ir=br ram=bw 


ram=p pc=inc 


ct rl = 


load; 


// 


fetch 


push_f 1 : 












sp=dec; 








// 


SP—; 


ram=br ram=s 


f l=bw; 






// 


RAM[sp] <- FL; 


ir=br ram=bw 


ram=p pc=inc 


ct rl = 


load; 


// 


fetch 
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push_i : 










sp=dec; 






// 


SP—; 


ram=br ram=s i=bw; 






// 


RAM[sp] <- I; 


ir=br ram=bw ram=p pc=inc 


Ctrl 


=load; 


// 


fetch 


push_j : 










sp=dec; 






// 


SP—; 


ram=br ram=s j=bw; 






// 


RAM[sp] <- J; 


ir=br ram=bw ram=p pc=inc 


Ctrl 


=load; 


// 


fetch 


pop_mdr : 










mdr=br ram=bw ram=s sp=inc 






// 


MDR <- RAM[sp++] ; 


ir=br ram=bw ram=p pc=inc 


Ctrl 


=load; 


// 


fetch 


pop_a : 










a=br ram=bw ram=s sp=inc; 






// 


A <- RAM[sp++] ; 


ir=br ram=bw ram=p pc=inc 


Ctrl 


=load; 


// 


fetch 


pop_b : 










b=br ram=bw ram=s sp=inc; 






// 


B <- RAM[sp++] ; 


ir=br ram=bw ram=p pc=inc 


Ctrl 


=load; 


// 


fetch 


pop_f 1 : 










fl=br ram=bw ram=s sp=inc; 






// 


FL <- RAM[sp++] ; 


ir=br ram=bw ram=p pc=inc 


Ctrl 


=load; 


// 


fetch 


pop_i : 










i=br ram=bw ram=s sp=inc; 






// 


I <- RAM[sp++] ; 


ir=br ram=bw ram=p pc=inc 


Ctrl 


=load; 


// 


fetch 


pop_j : 










j=br ram=bw ram=s sp=inc; 






// 


J <- RAM[sp++] ; 


ir=br ram=bw ram=p pc=inc 


Ctrl 


=load; 


// 


fetch 


not : 










a=br alu=not fl=xr; 






// 


A <- NOT A; 


ir=br ram=bw ram=p pc=inc 


Ctrl 


=load; 


// 


fetch 


and : 










a=br alu=and fl=xr; 






// 


A <- A AND B 


ir=br ram=bw ram=p pc=inc 


Ctrl 


=load; 


// 


fetch 


or : 










a=br alu=or fl=xr; 






// 


A <- A OR B 


ir=br ram=bw ram=p pc=inc 


Ctrl 


=load; 


// 


fetch 


xor : 










a=br alu=xor fl=xr; 






// 


A <- A XOR B 


ir=br ram=bw ram=p pc=inc 


Ctrl 


=load; 


// 


fetch 


lshl : 
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a=br alu=lshl fl=xr; 








// 


A <— A « 1 


ir=br ram=bw ram=p pc= 


inc 


Ctrl 


=load; 


// 


fetch 


lshr : 












a=br alu=lshr fl=xr; 








// 


A <— A » 1 


ir=br ram=bw ram=p pc= 


inc 


Ctrl 


=load; 


// 


fetch 


ashl : 












a=br alu=ashl fl=xr; 








// 


A <- A*2 


ir=br ram=bw ram=p pc= 


inc 


Ctrl 


=load; 


// 


fetch 


ashr : 












a=br alu=ashr fl=xr; 








// 


A <- A/2 


ir=br ram=bw ram=p pc= 


inc 


Ctrl 


=load; 


// 


fetch 


rot 1 : 












a=br alu=rotl fl=xr; 








// 


A <- rotl (A) 


ir=br ram=bw ram=p pc= 


inc 


Ctrl 


=load; 


// 


fetch 


rot r : 












a=br alu=rotr fl=xr; 








// 


A <- rotr(A) 


ir=br ram=bw ram=p pc= 


inc 


Ctrl 


=load; 


// 


fetch 


rot cl : 












a=br alu=rotcl fl=xr; 








// 


A <- rotcl (A) 


ir=br ram=bw ram=p pc= 


inc 


Ctrl 


=load; 


// 


fetch 


rot cr : 












a=br alu=rotcr fl=xr; 








// 


A <- rotcr (A) 


ir=br ram=bw ram=p pc= 


inc 


Ctrl 


=load; 


// 


fetch 


add_c : 












a=br alu=add_c fl=xr; 








// 


A <- A+B+carry 


ir=br ram=bw ram=p pc= 


inc 


Ctrl 


=load; 


// 


fetch 


sub_b : 












a=br alu=sub_b fl=xr; 








// 


A <- A-B-borrow 


ir=br ram=bw ram=p pc= 


inc 


Ctrl 


=load; 


// 


fetch 


add : 












a=br alu=add fl=xr; 








// 


A <- A+B 


ir=br ram=bw ram=p pc= 


inc 


Ctrl 


=load; 


// 


fetch 


sub : 












a=br alu=sub fl=xr; 








// 


A <- A-B 


ir=br ram=bw ram=p pc= 


inc 


Ctrl 


=load; 


// 


fetch 


in : 












ioa=br ram=bw ram=p pc 


= inc; 




// 


IOA <- RAM[pc++] ; 


ioc=req; 








// 


I/O request; 


ct rl=nop; 








// 


does not do anything 
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a=br ioc=bw; 






// 


A <- I/O 


ir=br ram=bw ram=p pc= 


inc ctrl 


=load ; 


// 


fetch 


out : 










ioa=br ram=bw ram=p pc 


= inc; 




// 


IOA <- RAM[pc++] ; 


ioc=br a=bw; 






// 


I/O <- A 


ioc = recj; 






// 


I/O request ; 


ir=br ram=bw ram=p pc= 


inc ctrl 


=load; 


// 


fetch 


i s ack : 










ioa=br ram=bw ram=p pc 


= inc; 




// 


IOA <- RAM[pc++] ; 


mdr=br ram=bw ram=p pc 


= inc; 




// 


MDR <- RAM[pc++] ; 


a=br ioc=bw ioc=isack; 






// 


A <— I/O is ack; 


a=br alu=not fl=xr; 






// 


A <- NOT A; 


a=br alu=not fl=xr; 






// 


A <- NOT A; 


pc=br sel=if_not_zero; 






// 


PC = (not_zero?MDR:PC) ; 


ir=br ram=bw ram=p pc= 


inc ctrl 


=load ; 


// 


fetch 


stop : 










1~ Y~ 1 = Q 1~ r~lT> " 
^ 1 L _L o L- i 






// 




// if resumed: 










ir=br ram=bw ram=p pc= 


inc ctrl 


=load; 


// 


fetch 



end 



The set of macroinstructions has changed slightly and it is also ex- 
tended, taking into account the changes to the CPU, as described in 
the following table. 



Table 10.25. Macroinstruction list for the current simple CPU. 



Syntax 


Clock 
cycles 


Description 


nop 


1 


Do nothing: just fetch the next 
instruction. 


load address 


3 


The instruction loads the ar- 
gument into the / register and 
then loads into the MDR reg- 
ister the memory content at 
the specified address. 
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Syntax 


L.10CK 

cycles 


Description 


load_i 
load_ j 


2 


The instruction loads into the 
MDR register the memory 
rontpnt at thp aHHrpss snpri- 

fied by the / or J register. 


store address 


3 


The instruction loads the ar- 
gument into the / register and 
then it writes the MDR con- 
tent into me memory, at me 
address specified. 


store_i 
store_ j 


2 


The instruction writes the 
MDR content into memory, at 
thp aHHrpss snprifipH hv thp / 

or J register. 


cp_i j 
cp_ji 


3 


The first instruction copies the 
memory content from the ad- 
dress specified by the / regis- 
ter to the address specified by 
me j register, ine second in- 
struction does the opposite. 
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Syntax 


L.10CK 

cycles 


Description 


mv_mdr_a 






mv_mdr_b 






iTiT7 mH t ~F 1 

1 L L V 1 L Lv_A _L J L 




Copy the content of the MDR 




2 


register to the register A, B, 


mv_mdr_sp 




FL,SP,IorJ. 


mv_mdr_i 






mv_mdr_ j 






mv_a_mdr 






mv_a_b 






XT\\T P\ "F 1 
1 L L V CI J L 




Copy the content of the A reg- 




2 


ister to the register MDR, B, 


mv_a_sp 




FL,SP,IorJ. 


mv_a_i 






mv_a_ j 
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Syntax 


L.10CK 

cycles 


Description 


mv_b_a 






mv_b_mdr 






vr\\7 "F 1 

1 L L V kj J L 




Copy the content of the B reg- 




2 


ister to the register A, MDR, 


mv_b_sp 




FL,SP,IorJ. 


mv_b_i 






mv_b_ j 






mv_f l_a 






mv_f l_b 






rnT 7 -Fl mHr 

ILL V J L 1LLvJ._L_ 




Copy the content of the FL 




2 


register to the register A, B, 


mv_f l_sp 




MDR, SP, I or /. 


mv_f l_i 






mv_f 1_ j 
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Syntax 


L.10CK 

cycles 


Description 


mv_sp_a 






mv_sp_b 






1T1T7 Q"P) "F 1 
1 L L V o KJ J L 




Copy the content of the SP 




2 


register to the register A, B, 


mv_sp_mdr 




FL,MDR,IorJ. 


mv_sp_i 






mv_sp_ j 






mv_i_a 






mv_i_b 






XT\\T 1 "F 1 
1 L L V _L J L 




Copy the content of the / reg- 




2 


ister to the register A, B, FL, 


mv_i_sp 




SP, MDR or J. 


mv_i_mdr 






mv_i_ j 
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Syntax 


L.10CK 

cycles 


Description 


mv_ j_a 






mv_ j_b 






vr\\7 n "F 1 

1 L L V J J L 




Copy the content of the J reg- 




2 


ister to the register A, B, FL, 


mv_ j_sp 




SP,I orMDR. 


mv_ j_i 






mv_ j_mdr 






jump address 


3 


Jump to the specified address: 
it puts the argument into the / 
register and then jumps to the 
instruction at that address. 
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Syntax 


L.10CK 

cycles 


Description 


jump_c address 






jump_nc address 
jump_z address 
j ump_n z address 
jump_n address 
jump_nn address 
jump_o address 


3 


These instructions put the ar- 
gument inside the MDR reg- 
ister, then, if the condition im- 
plied by the name is true, they 
jumps to the instruction at the 
address specified. The condi- 
tions are in this order: carry, 
not carry, zero, not zero, neg- 
ative, not negative, overflow, 
noi overnow. 


jump_no address 






call address 


4 


Call a procedure: it puts the 
argument into the / register 
and it decrement the SP regis- 
ter, then, it saves the PC reg- 
ister to the memory address 
contained inside the SP regis- 
ter (it is a pusn). men it jumps 
to the address specified. 
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Syntax 


L.10CK 

cycles 


Description 


call_i 
call_j 


4 


Call a procedure: it decrement 
the SP register, then, it saves 
the PC register to the mem- 
ory address contained inside 
the SP register (it is a push). 
Then it jumps to the address 
specified by the register / or 
7. 


return 


2 


Return from procedure call: 
it reads the value contained 
in memory at the SP posi- 
tion and it writes that value 
to the PC register, then incre- 
ment the SP register. 


push_mdr 

push_a 

push_b 

push_f 1 

push_sp 

push_i 

push_ j 


3 


Save a register on to the stack: 
it decrements the SP regis- 
ter, then, at the new address 
specified by the SP register, 
it writes in memory the value 
of the register named as an 
extension to the instruction 
name. That is: MDR, A, B, 
FL,SP,IovJ. 
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Syntax 


L.10CK 

cycles 


Description 


pop_mdr 






pop_a 




Restore a register from the 


pop b 




siacK. ii copies msicie me 
specified register the memory 


DOD f 1 

\=s J I 


J 


content at tne position speci- 
fied by the SP register, then it 






mcremenis me same o-r reg- 
ister. 


pop_i 






pop_j 






not 


2 


A < A 


and. 




A^A&B 




z 


A j A I J? 

A <— A I n 
A <— A A B 


xor 






lshl 
lshr 


2 


A <— left or right logic shift of 

A 
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Syntax 


L.10CK 

cycles 


Description 


ashl 
ashr 


2 


A left or right arithmetic 

smii Ol /i 


rot 1 
rot 1 


2 


A ^— left or right rotation of A 


rotcl 
rotcl 


2 


A <— left or right rotation with 

rarrv of A 


add_c 
sub_b 


2 


A «— A+Z?+carry 

A 4 — A — H — CflVW 


add 
sub 


2 


A A+Z? 

/t y /4 J? 
/i 1 — /i — D 


in io_address 


5 


Read from I/O device: it reads 
from the I/O address specified 
and tne result is placed inside 
the register A . 


out iojaddress 


4 


Write to an I/O device: it 
writes the content of register 
/i lo me i/u device wnn me 
address specified. 
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Syntax 


L.10CK 

cycles 


Description 


is_ack io_address address 


7 


Jump if previous I/O opera- 
tion is acknowledged: it loads 
the specified I/O address into 
the MDR register and, if the 
device returns a positive ac- 
knowledge, it jumps to the last 
argument address. The oper- 
ation destroys the A register 
content and updates the flags. 


stop 


1 


Halt: it stops the clock. 



The following sections provide some examples to verify the opera- 
tion of macroinstructions with the current version of the simple CPU. 
The examples are combined with videos where also the RAM access 
is highlighted. 



10.9 Macrocode: routine call 

« 



begin 


macrocode @ 0 




start 


• 






load #data_3 


// Place the stack. 




mv_mdr_sp 






call tsum 


// Call the function sum() . 




stop 




sum : 


load #data_0 
mv_mdr_a 
load #data_l 
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mv_mdr_b 




add 




mv_a_mdr 




store #data_2 




return 


data_0 : 


.byte 0x11 


data_l : 


.byte 0x12 


data_2 : 


.byte 0x00 


data_3 : 


.byte 0x30 


end 
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Figure 10.27. Data bus after the execution of the code 
listed above. Video: ogv http://www.youtube.com/watch?v= 
eATz3XLYWbc 
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Last Read Access 
Address: 06 
Data: 8'h1 
Time: 1 1.6821ms 



Last Write Access 


Address 
Data 
Time 


13 

8'h23 

10.3632ms 



ismu 



bus dati 



16 



10.10 Macrocode: keyboard input and screen 
output 



begin 


macrocode @ 0 




start 


• 






in 1 


// Read from the keyboard. 




not 


// Complement two times 




not 


// just to update the 
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// 


status flags. 


■ Mil 

jump_z #start 


// 


If the value is zero, 




// 


then repeat the 




// 


keyboard read. 


out 0 


// 


Otherwise, display the 




// 


same value on screen. 


jump #start 


// 


Restart . 


stop : 


// 


Jt will never reach this 


stop 


// 


point . 


end 







Figure 10.29. Keyboard input and screen output. Video: ogv 
h ttp://www.yo utube. com/wa tch 7v=m22oK22 ULTwWo 
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Last Read Access 


Address 
Data 
Time 


04 

8"h36 

2.50855ms 



Last Write Access 

Address: - 
Data: - 
Time: - 
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10.11 Version "B2" 

Here is described a further modification to the simple CPU, in or- 
der to slightly improve its efficiency through a direct connection be- 
tween the RAM module and the IR register, so that an opcode can 
be transferred from the memory to the instruction register without 
interfering with the data bus. 
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Figure 10.30. Simple CPU, version "B2 
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To make the connection shown in the figure, the RAM module is 
modified, in order to drive an auxiliary output (X); consequently, 
it enlarges its connection to the control bus, forcing to readapt the 
control field position of the other modules. 

Figure 10.31. Module RAM modified with the addition of the 
auxiliary output. 



c 

V 



CO = br (bus read) 
C1 = bw (bus write) 
C2 = xw (extra write) 
C4:3 = index selection 



n w t- o 



clock 



P = register PC 
I = register I 
J = register J 
S = register SP 



p> 
i> 

j> 

S> 7 



it 



index_register 



D P 

H Q 



+ H 



□ 



bus read 



• address 



A D 



extra write 



bus write 



O B 



X 



V 



The fields declaration of the control word requires a change of mean- 
ing of the control lines on the RAM module, together with the shift 
on the connection of the other modules: 



field 


Ctrl [1:0] 


= {nop=0, stop= 


=1, 


load=2 } ; 




field 


pc [ 6 : 2 ] 


= {br=l, bw=2, 


xr= 


= 4, inc=8, 


dec=l 6 } ; 


field 


sel [10:7] 


= {if_carry=l, 


if. 


_not_carry 


= 3, 
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if_zero=5 , 


if_not_ 


zero=7 , 






if_negative 


= 9, if_ 


not_negat ive=l 1 , 






if_overf low 


=13, if 


_not_overf low=l 5 } ; 


field 


mdr [15 : 11] 


= {br=l, bw=2, 


xr=4 , 


inc=8 , dec=l 6 } ; 


field 


j [20 : 16] 


= {br=l, bw=2, 


xr=4 , 


inc=8 , dec=l 6 } ; 


field 


ram [25 : 21] 


= {br=l, bw=2, 


xw=4 , 


p=0, i=8, j=16, s=24 } ; 


field 


ir [30 :26] 


= {br=l, bw=2, 


xr=4 , 


inc=8 , dec=l 6 } ; 


field 


sp [35 : 31] 


= {br=l, bw=2, 


xr=4 , 


inc=8 , dec=l 6 } ; 


field 


i [40:36] 


= {br=l, bw=2, 


xr=4 , 


inc=8 , dec=l 6 } ; 


field 


b [45 : 41] 


= {br=l, bw=2, 


xr=4 , 


inc=8 , dec=l 6 } ; 


field 


fl [50 : 46] 


= {br=l, bw=2, 


xr=4 , 


inc=8 , dec=l 6 } ; 


field 


alu [55 : 51] 


= {not=l, and= 


3, or=5 


, xor=7, lshl=9, lshr=ll, 






ashl=13, ashr=15, 


rotl=17, rotr=19, rotcl=21, 






rotcr=23, add_c=25, sub_b=2 7, add=2 9, sub=31}; 


field 


a [60 : 56] 


= {br=l, bw=2, 


xr=4 , 


inc=8 , dec=l 6 } ; 


field 


ioa [65:61] 


= {br=l, bw=2, 


xr=4 , 


inc=8 , dec=l 6 } ; 


field 


ioc [69:66] 


= {br=l, bw=2, 


req=4 , 


isack=8 } ; 



The difference inside the microcode declaration, is due to the fact 
that the RAM must have enabled the line xr to be able to communi- 
cate with the IR register, therefore, all the microinstruction for the 
fetch should be changed in the following way: 

ir=br ram=xw ram=p pc=inc ctrl=load; 



Finally, where possible, the fetch microinstruction that appears at the 
end of each macroinstruction procedure, is merged with the second 
to last microinstruction 1 . It is possible precisely with the instructions 
for copying a value from one register to another and those that do 
something with the ALU: 

mv_mdr_a : 

a=br mdr=bw ir=br ram=xw ram=p pc=inc ctrl=load; 
mv mdr b : 
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b=br mdr=bw ir=br ram=xw ram=p pc=inc ctrl=load; 
mv_ j_i : 

i=br j=bw ir=br ram=xw ram=p pc=inc ctrl=load; 
mv_ j_mdr : 

mdr=br j=bw ir=br ram=xw ram=p pc=inc ctrl=load; 



not : 




































a 


=br 


alu= 


not 


f 1 


=xr 


ir 


=br 


ram= 


xw 


ram= 


= P 


pc= 


inc 


ctrl= 


load; 


and : 




































a 


=br 


alu= 


and 


f 1 


=xr 


ir 


=br 


ram= 


xw 


ram= 


= P 


pc= 


inc 


ctrl= 


load; 


add : 




































a 


=br 


alu= 


add 


f 1 


=xr 


ir 


=br 


ram= 


xw 


ram= 


= P 


pc= 


inc 


ctrl= 


load; 


sub : 




































a 


=br 


alu= 


sub 


f 1 


=xr 


ir 


=br 


ram= 


xw 


ram= 


=p 


pc= 


inc 


ctrl= 


load; 



The penultimate microinstruction 
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Here is a further extension of the project with 16-bit registers, while 
continuing to manage a memory organized in 8 -bit words. Since the 
TKGate microcode-macrocode compiler stores the 16-bit values by 
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reversing the order of the bytes (or at least it does in the version 
compiled for x86 architecture), this version of the CPU (which is 
now a computer with devices) is organized in little-endian mode. 



Attachments 


Description 


attachments/xcpu/xcpu-c. v 


TKGate Verilog netlist source file. 


attachments/xcpu/xcpu-c. gm 


TKGate microcode and 
macrocode source file. 


attachments/xcpu/xcpu-c- 


TCL/Tk script related to the termi- 


terminal.vpd.tcl 


nal module TTY . 
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Figure 1 1.2. Simple CPU version "C 
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Among the other new things, in the figure should be observed the 
presence of the BP register {base pointer) whose purpose is to fa- 
cilitate the use of the stack of data when performing function calls. 
The register should be used in a manner similar to the 8086-8088 
calling conventions; otherwise, the same register is known with the 
name "FP" {frame pointer). 



The registers of this version of the project have a 16-bit size, but 
they are divided into two bytes, the contents of which can be ac- 
cessed separately. Furthermore, it is possible to increase and reduce 
the value of these registers, of one or two units. 

Figure 11.3. 16-bit registers: external appearance. 
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is loading a value from the main 
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bis" b 0 main bus connection 



b ■■ b auxiliary bus connection 
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Figure 11.4. 16-bit registers: internal structure. 
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Figure 11.5. Modules H8 and L8. 




The module BYTESELECT contained inside the 16-bit registers, 
is used to reduce the reading of the register content to only 8 bits, 
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choosing from the least significant byte or the more significant one. 
For example, if the register value is ABCDi 6 and the least significant 
byte is selected, the value 00CDi 6 is obtained; on the other hand, if 
the more significant byte is selected, the value 00ABi 6 is obtained. 

When a value is to be written inside the register, the separate mod- 
ules H8 and L8 can load independently. If a single byte is to be writ- 
ten, to the most significant position inside the register (without mod- 
ifying the least significant one), the input from the bus is swapped 
by the module BYTESWAP and the H8 loads alone. 

Figure 11.6. Module BYTESWAP. 
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Figure 11.7. Module BYTESELECT. 
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11.2 Module "BUS' 
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For this version of the project there is a new module that allows the 
control unit to write a value to the data bus. The module can select 
the main bus (B) or the auxiliary bus (X). 
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Figure 11.8. Module BUS 
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11.3 Module 7\LU 
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The ALU unit is redesigned from the previous version of the project. 
Currently is it able to handle 16-bit values and some more functions. 
It should be noticed that there are separated flags for 8-bit and 16-bit 
operations. 
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Figure 11.9. ALU overall structure. 
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Figure 1 1.10. Login unit inside the ALU. 
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Figure 11.11. Module AS : addition and subtraction. 
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Figure 11.12. Module FAS (full adder- subtracter) that is found 
inside the arithmetic unit. The fa modules are just standard full 
adders. 
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Figure 11.13. Module SH, used for bit shift and rotation with 
carry. 
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Figure 1 1.14. Module ROT: rotation without carry. 




A 

V 



16 



I 1 

oo o 
in 



/8 



right 



lr 

lin 


A 


la 
rout 


lout 


sh 




nn 


CI 

0 


S 


Cr 



lin 

lout 

CI 



sh 



rout 



Cr 



V 



688 



Version "C": 16-bit little-endian 



Figure 11.15. Module sh used inside the shift and rotation mod- 
ules. 
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The current ALU is able to modify the flags through the FAS mod- 
ule (flags add- subtract). As already pointed out, there is a couple of 
flags, to distinguish between 8-bit and 16-bit results. For example 
there is a 8-bit carry and another 16-bit carry. When the flags are 
modified through the FAS module, both flags are changed; that is, 
if the carry flag is changed, this modification is applied to both 8-bit 
and 16-bit carry flags. The FAS module receives a 8-bit mask and 
the function to be applied (bitwise AND or bitwise OR), to change 
the flags status. 

Figure 11.16. Module FSR: direct flags status change. 
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The module SHORFILL is used inside the ALU to reduce the size 
of a result: if the size reduction is requested, then the most significant 
byte is filled. If the value is unsigned or positive, the most significant 
byte is zeroed, otherwise is set to all ones, to extend the sign (if no 
size reduction is requested, no modification is applied). 
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Figure 11.17. Module SHORTFILL, for size reduction. 
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11.4 Module VX SEL" 



The SEL module is extended to handle the distinguished register 
sets, for eight or sixteen bits. There is also a new flag used to en- 
able hardware interrupts (IRQ), but there are not branch conditions 
related to the interrupt flag status; that is why the SEL module just 
ignores the interrupt flag. 

Figure 11.18. Module SEL. 
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11.5 Module "RAM" 

The RAM memory continues to be organized in 8-bit words, as it 
happens for common architectures. To read or write a 16-bit value, it 
is necessary to access two times: as the architecture is little-endian, 
read and write start always from the least significant byte. 

Figure 11.19. Module RAM. 
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The RAM module contains DH16 that is a register that repeats on 
the Q output the value received form the D input, as long as the input 
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H is negated (active, as the meaning of the line is complemented): 
when the input line H is asserted (hold), the output Q is frozen. 

Figure 1 1 .20. The steps to build DHn modules: it all starts from a 
SR latch with enable input; than it becomes a D latch and finally 
these D latch are put together in parallel. Obviously, the module 
DH16 is made with two modules DH8, which is made with two 
modules, DH4. 
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11.6 Module "IRQ" 

This version of the simple CPU handles interrupts, distinguishing 
between those produced internally by the CPU itself, those gener- 
ated by external devices and those managed by software. The IRQ 
module is responsible to collect hardware interrupts from the de- 
vices, to sort interrupts by a priority, to supply the selected interrupt 
to the control circuit that must then do something with it. In short, 
the module receives IRQ interrupts asynchronously, it stores and de- 
termines which is the interruption to be served first. The module 
appears externally as if it were a register, since it must be able to 
receive an interrupt mask and the same mask can be read from the 
module. 
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Figure 11.21. Module IRQ: full schema. 
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To understand what really does the IRQ module, it is necessary to 
analyze its components, with the help of a block diagram, shown in 
the next figure. 



Version "C": 16-bit little-endian 



697 



Figure 1 1.22. Block diagram for the IRQ module. 
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It is simpler to start from the analysis of the register that contains the 
IRQ mask, which is located at the bottom left of the overall scheme: 
it is a 4-bit register (one for each IRQ) which reads data from the 
bus to update its value and writes to the data bus to allow to know 
the value that it contains. 
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Figure 1 1.23. IRQ mask detail. 
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The DR4 module is a 4-bit register, made of D flip-flops, through 
the following steps. 
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Figure 11.24. Building DRn modules. 
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In the upper left of the overall scheme, it appears the IRQ register, 
whose purpose is to store the hardware interrupts received from the 
input IRQ. this register is constructed in an unusual way, because it 
is made by D flip-flops, positive edge, but the D inputs of these flip- 
flops is connected so as to be always active, while the clock input is 
used to receive the IRQ signal. In practice, an IRQ signal arriving at 
the flip-flop clock line, activates permanently the flip-flop. The IRQ 
register flip-flops can be reset to zero only asserting the input line C. 
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Figure 1 1.25. Received IRQ register. 
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The value stored inside the IRQ register and the value from the IRQ 
mask below, are compared with a multiple AND gate (a separate 
gate for each IRQ line) and then given to a module that selects one 
IRQ line according to a priority: the lowest IRQ number requested is 
chosen. The module responsible for the priority selection communi- 
cates with an encoder that takes care of transforming the IRQ chosen 
into a number of interruption: IRQO becomes INT4, IRQ1 becomes 
INT5, up to IRQ3 which becomes INT7. It should be noticed that 
the priority selection module emits a signal (irqjset) about the ac- 
tual presence of an IRQ that needs to be served, because the absence 
of an IRQ produces anyway the value INT4 through the encoder. 
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Figure 11.26. Priority selection and encoder. 
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When an IRQ has been served, there is the need to reset the matching 
D flip-flop in the IRQ register (top left). To obtain this result a reset 
register is used (it appears at the top right). The reset register is made 
of D flip-flops (positive edge) which under normal conditions (when 
the input irqjdone is zero) produce at their output a value equal to 
1, since they are initialized to 1 (input P to 0). The output of the 
reset register is connected to the C input of the IRQ register: as long 
as the C lines of the IRQ register are negated (in that case it means 
that the lines are active) the IRQ register retains its stored value. 
However, when the reset register receives the signal irq_done it gets 
and store the complemented IRQ (selected by the priority); that is: 
the last selected IRQ becomes 0 inside the reset register and then, 
asserts the matching C input line of the IRQ register, resetting it. At 
that point, the priority module might select a new IRQ requesting to 
be served. 
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Figure 1 1.27. Served IRQ reset register. 
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The C inputs at the IRQ register on the left are not connected directly 
to the served IRQ reset register, because it might be necessary to 
reset the whole IRQ register, through the control reset line. For this 
reason, there is an AND gate to handle that situation. 

The served IRQ reset register might be designed in a more compact 
way, as the following picture shows. 
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Figure 1 1.28. served IRQ reset register, made of a module D4. 




The module Dn is made of D flip-flops, in parallel, as the following 
figure shows. 
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Figure 11.29. Building Dn modules. 
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11.7 Module "IVT" 

In order to manage interruptions (CPU, hardware and software), this 
version of the simple CPU needs to have an IVT table (interrupt 
vector table), which resides in RAM memory. The table IVT must 
be implemented as an array of 16-bit integers (little-endian), each 
of which represents the address of a routine to execute when the 
matching interrupt is enabled. Therefore, IVT[n] must match the 
address of the routine that has to perform the activity requested by 
the interrupt n . 

The module IVT is used to store the location of the IVT table, which 
is precisely the location of IVT[0]. The module receives the number 
of a certain interruption from two independent inputs; such interrupt 
number is then transformed into the matching address in memory 
that contains the reference to the requested routine to be started. 
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Figure 11.30. Module IVT. 
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Inside the IVT module there is a register represented by the mod- 
ule DR16. The module DR16 is used to store the IVT table starting 
address. The module DR16 is made in the same manner already de- 
scribed for the module DR4, inside the previous section. The module 
ADD16 is made of sixteen full adders, connected in parallel with a 
cascade carry. Even the ADD 16 module is made through different 
stages, as it is for DR16. 

Figure 11.31. Building modules ADDn. 
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11.8 Module "CTRL" 

The module CTRL has only minor changes from the previous ver- 
sion: the opcode occupy only eight bits (input /), the microprogram 
counter (fiPC) is reduced to only nine bits, because the microcode 
does not exceed 512 lines, the microcode word requires many more 
bits, so, five memory modules are used together to drive a control 
bus of 160 bits. The input to the microprogram counter is mediated 
by a multiplexer that permits to enter an address when the D flip- 
flop on the right is active. This address must match the point where 
the microcode describes the steps required to serve a hardware in- 
terrupt (IRQ); in practice, such address must match the irq label 
placement, as it can be determined from the files produced by the 
TKGate compiler. 
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Figure 11.32. Module CTRL. 
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Figure 1 1.33. Control unit detail. 



V 

map 



Microcode Symbols 

iret 00000169 
irq 0000016e 
ivtl 00000180 



9 



irq: 16E 



0 1 



clock pulse 



/' 9 









Q 


P 


D 




Q 




Ck 


C 





interrupt set 



clock 



Clk 



UPC L 



Clr 



clear 



mic o3 



clear 



mic o2 



mic o0 



> 




> 




> 




> 




> 


SI 








31 




a 




81 


o 




a 




a 








o 



/ 32 



/ 160 



clear 



flag IRQ enable 



modulo IRQ 



/ 158 



160 



Looking at the figure above, it is important to clarify what hap- 
pens when a hardware interrupt is received: the IRQ module, as de- 
scribed in section 11.6, sends to the IVT module the interrupt num- 
ber matching the selected IRQ to be served; then, the IRQ module 
activates the Is output (interrupt set). The interrupt-set line activated 
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by the IRQ module, reaches the control unit only if the interrupt- 
enable flag (/) is active. When the interrupt request reaches the mod- 
ule CTRL at the input Is, it is stored into the D flip-flop (positive 
edge) that appears in the upper right of the diagram; then, at the first 
occasion in which the control unit must read a new opcode, it is in- 
stead directed to execute the instructions matching the label irq. 



Listing 11.34. Memory banks declaration. 



map 


bank [7 : 0] 


Ctrl 


. map ; 


microcode 


bank [31 : 0] 


Ctrl 


. microO ; 


microcode 


bank [63:32] 


Ctrl 


. microl ; 


microcode 


bank[95:64] 


Ctrl 


. micro2 ; 


microcode 


bank [127 : 96] 


Ctrl 


. micro3 ; 


microcode 


bank[159:128] 


Ctrl 


. micro4 ; 


macrocode 


bank [15 : 0] 


ram . 


ram; 



1 1 .9 Opcodes 

The opcode size used in this version of the simple CPU, remains 
limited to eight bits, but instead of using just a sequential number 
to distinguish them, the opcodes are now structured with a criterion. 
First there is a definition used to convert register names to integer 
numbers, so that three bits are requested to distinguish them: 

registers 1=0, J=l, A=2, B=3, BP=4, SP=5, MDR=6, FL=7; 



There are different kind of operands; the simplest cases are declared 
at the beginning: 

operands op_0 { 

- = { }; 
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}; 

operands 


op_8 { 




#1 = 

}; 


{ +1=#1 [7 


:0]; }; 


operands 


op_l 6 { 




#1 = 

}; 


{ +1 = #1 [7 


:0]; +2=#1[15:8]; }; 



It is understood that op_0 means the request of no operand at all; 
that op_8 requires an 8-bit operand; that op_16 requires a 16-bit 
operand. For the 16-bit operand it is requested to read two separate 
bytes, starting from the least significant one, because the byte order 
organization is little-endian. 

Listing 11.37. Opcodes declaration. 



op nop { 


















map 
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// 


not operate 








+ 0 [7 


: 0] =0x00; 
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J r 

op mv 


{ 




// 


00 




mv 








map 


nop : 


0x00; 


// 


00000000 




mv 


%I 


%J not 


valid => nop 


map 


mv_i_j : 


0x01; 


// 


00000001 




mv 


%I 


%J 




map 


mv_i_a : 


0x02; 


// 


00000010 




mv 


%I 


%A 




map 


mv_i_b : 


0x03; 


// 


00000011 




mv 


%I 


%B 




map 


mv_i_bp : 


0x04; 


// 


00000100 




mv 


%I 


%BP 




map 


mv_i_sp : 


0x05; 


// 


00000101 




mv 


%I 


%SP 




map 


mv_i_mdr : 


0x06; 


// 


00000110 




mv 


%I 


%MDR 




map 


mv_i_f 1 : 


0x07; 


// 


00000111 




mv 


%I 


%FL 




map 


mv_ j_i : 


0x08; 


// 


00001000 




mv 


%J 


%I 




map 


op_error : 


0x09; 


// 


00001001 




mv 


%J 


%J not 


valid 


map 


mv_ j_a : 


OxOA; 


// 


00001010 




mv 


%J 


%A 




map 


mv_ j_b : 


OxOB; 


// 


00001011 




mv 


%J 


%B 
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map 


mv_ 


_ j_bp : 


OxOC; 


// 


OOOOllOO 


= 


mv 


%J 


%BP 






map 


mv_ 


_j_sp: 


OxOD; 


// 


OOOOllOl 


= 


mv 


%J 


%SP 






map 


mv_ 


_ j_mdr : 


OxOE; 


// 


oooomo 


= 


mv 


%J 


%MDR 






map 


mv_ 


_j_fl: 


OxOF; 


// 


OOOOllll 


= 


mv 


%J 


%FL 






map 


mv_ 


_a_i : 


0x10; 


// 


OOOIOOOO 


= 


mv 


%A 


%I 






map 


mv_ 


_a_j : 


0x11; 


// 


OOOlOOOl 


= 


mv 


%A 


%J 






map 


op_ 


_error : 


0x12; 


// 


OOOIOOIO 


= 


mv 


%A 


%A not 


valid 


map 


mv_ 


_a_b : 


0x13; 


// 


OOOlOOll 


= 


mv 


%A 


%B 






map 


mv_ 


_a_bp : 


0x14; 


// 


OOOIOIOO 


= 


mv 


%A 


%BP 






map 


mv_ 


_a_sp : 


0x15; 


// 


OOOIOIOI 


= 


mv 


%A 


%SP 






map 


mv_ 


_a_mdr : 


0x16; 


// 


00010110 


= 


mv 


%A 


%MDR 






map 


mv_ 


_a_f 1 : 


0x17; 


// 


OOOlOlll 


= 


mv 


%A 


%FL 






map 


mv_ 


_b_i: 


0x18; 


// 


OOOllOOO 


= 


mv 


%B 


%I 






map 


mv_ 


_b_j 


0x19; 


// 


OOOllOOl 


= 


mv 


%B 


%J 






map 


mv_ 


_b_a : 


OxlA; 


// 


OOOllOlO 


= 


mv 


%B 


%A 






map 


op_ 


_error : 


OxlB; 


// 


OOOllOll 


= 


mv 


%B 


%B not 


valid 


map 


mv_ 


_b_bp : 


OxlC; 


// 


ooomoo 


= 


mv 


%B 


%BP 






map 


mv_ 


_b_sp : 


OxlD; 


// 


OOOlllOl 


= 


mv 


%B 


%SP 






map 


mv_ 


_b_mdr : 


OxlE; 


// 


OOOllllO 


= 


mv 


%B 


%MDR 






map 


mv_ 


_b_f 1 : 


OxlF; 


// 


OOOlllll 


= 


mv 


%B 


%FL 






map 


mv_ 


_bp_i : 


0x20; 


// 


OOIOOOOO 


= 


mv 


%BP 


%I 






map 


mv_ 


_bp_j : 


0x21; 


// 


OOlOOOOl 


= 


mv 


%BP 


%J 






map 


mv_ 


_bp_a : 


0x22; 


// 


OOIOOOIO 


= 


mv 


%BP 


%A 






map 


mv_ 


_bp_b : 


0x23; 


// 


OOlOOOll 


= 


mv 


%BP 


%B 






map 


op_ 


_error : 


0x24; 


// 


OOIOOIOO 


= 


mv 


%BP 


%BP not 


valid 


map 


mv_ 


_bp_sp : 


0x25; 


// 


OOIOOIOI 


= 


mv 


%BP 


%SP 






map 


mv_ 


_bp_mdr : 


0x26; 


// 


OOlOOllO 


= 


mv 


%BP 


%MDR 






map 


mv_ 


_bp_f 1 : 


0x27; 


// 


OOlOOlll 


= 


mv 


%BP 


%FL 






map 


mv_ 


_sp_i : 


0x28; 


// 


OOIOIOOO 


= 


mv 


%SP 


%I 






map 


mv_ 


_sp_j : 


0x29; 


// 


OOIOIOOI 


= 


mv 


%SP 


%J 






map 


mv_ 


_sp_a : 


0x2A; 


// 


OOIOIOIO 


= 


mv 


%SP 


%A 






map 


mv_ 


_sp_b : 


0x2B; 


// 


OOlOlOll 


= 


mv 


%SP 


%B 






map 


mv_ 


_sp_bp : 


0x2C; 


// 


OOlOllOO 


= 


mv 


%SP 


%BP 






map 


op_ 


_error : 


0x2D; 


// 


OOlOllOl 


= 


mv 


%SP 


%SP not 


valid 


map 


mv_ 


_sp_mdr : 


0x2E; 


// 


00101110 




mv 


%SP 


%MDR 






map 


mv_ 


_sp_f 1 : 


0x2F; 


// 


OOlOllll 




mv 


%SP 


%FL 
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map 


mv_mdr_i : 


0x30; 


// 


00110000 


= 


mv %MDR %I 


map 


mv_mdr_j : 


0x31; 


// 


00110001 


= 


mv %MDR %J 


map 


mv_mdr_a : 


0x32; 


// 


00110010 


= 


mv %MDR %A 


map 


mv_mdr_b : 


0x33; 


// 


00110011 


= 


mv %MDR %B 


map 


mv_mdr_bp : 


0x34; 


// 


00110100 


= 


mv %MDR %BP 


map 


mv_mdr_sp : 


0x35; 


// 


00110101 


= 


mv %MDR %SP 


map 


op_error : 


0x36; 


// 


00110110 


= 


mv %MDR %MDR not valid 


map 


mv_mdr_f 1 : 


0x37; 


// 


00110111 


= 


mv %MDR %FL 


map 


mv_f l_i : 


0x38; 


// 


00111000 


= 


mv %FL %I 


map 


mv_f l_j : 


0x39; 


// 


00111001 


= 


mv %FL %J 


map 


mv_f l_a : 


0x3A; 


// 


00111010 


= 


mv %FL %A 


map 


mv_f l_b : 


0x3B; 


// 


00111011 


= 


mv %FL %B 


map 


mv_f l_bp : 


0x3C; 


// 


00111100 


= 


mv %FL %BP 


map 


mv_f l_sp : 


0x3D; 


// 


00111101 


= 


mv %FL %SP 


map 


mv_f l_mdr : 


0x3E; 


// 


00111110 


= 


mv %FL %MDR 


map 


op_error : 


0x3F; 


// 


00111111 


= 


mv %FL %FL not valid 


+ 0 [7 


: 0] =0x00; 












operands { 












%1, %2 = { +0 [5:3]= 

}; 


%1; +0[2:0]=%2; 


}; 


}; 

op load8 { 




// 


010001. . 




load8 


map 


load8_i : 


0x44; 


// 


01000100 




load8 %I 


map 


load8_j : 


0x45; 


// 


01000101 




load8 %J 


map 


load8 : 


0x46; 


// 


01000110 




load8 #. . . 


map 


op_error : 


0x47; 


// 


01000111 




not valid 


+ 0 [7 


: 0] =0x44; 












operands { 












(%1) = { +0[1]=0; 


+ 0 [0] 


=%1; }; 






#1 

}; 


= { +0[1] 


=1; +0[0]=0; +1=#1[7 


:0]; +2=#1[15:8]; }; 


}; 

op loadl6 { 




// 


010010. . 




loadl 6 


map 


loadl 6_i : 


0x48; 


// 


01001000 




loadl 6 %J 


map 


loadl 6_ j : 


0x49; 


// 


01001001 




loadl 6 %J 


map 


loadl 6 : 


0x4A; 


// 


01001010 




load!6 #. . . 
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map op_error: 0x4B; // 


01001011 


= not valid 




+ 0 [7 : 0] =0x48; 








operands { 








(%1) = { +0[1]=0; +0[0] 


=%i; }; 






#1 = { +0[1]=1; +0[0]=0; +1=#1[7 

}; 


:0]; +2=#1[15 


:8]; }; 


}; 

op st ore 8 { // 


010011. . 


= store8 




map store8_i: 0x4C; // 


01001100 


= store 8 %I 




map store8_j : 0x4D; // 


01001101 


= store 8 %J 




map store8: 0x4E; // 


01001110 


= store8 #. . . 




map op_error: 0x4F; // 


01001111 


= not valid 




+ 0 [7 : 0] =0x4C; 








operands { 








(%1) = { +0[1]=0; +0[0] 


=%i; }; 






#1 = { +0[1]=1; +0[0]=0; +1=#1[7 

}; 


:0]; +2=#1[15 


:8]; }; 


}; 

op storel6 { // 


010100. . 


= storel6 




map storel6_i: 0x50; // 


01010000 


= st ore 16 %I 




map storel6_j: 0x51; // 


01010001 


= store 16 %J 




map storel6: 0x52; // 


01010010 


= storel6 #. . 




map op_error: 0x53; // 


01010011 


= not valid 




+ 0 [7 : 0] =0x50; 








operands { 








(%1) = { +0[1]=0; +0[0] 


=%i; }; 






#1 = { +0[1]=1; +0[0]=0; +1=#1[7 

}; 


:0]; +2=#1[15 


:8]; }; 


}; 

op cp8 { // 


0101010. 


= cp8 




map cp8_ij: 0x54; // 


01010100 


= cp8 %I 




map cp8_ji: 0x55; // 


01010101 


= cp8 %J 




+ 0 [7 : 0] =0x54; 








operands { 








(%D = { +0[0]=%1; }; 

}; 
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}; 

op cpl6 { 




// 


0101011. 


= 


cpl 6 


map cpl 6_i j : 


0x56; 


// 


01010110 


= 


cpl 6 %I 


map cpl6_ji: 


0x57; 


// 


01010111 


= 


cpl 6 %J 


+ 0 [7 : 0] =0x56; 












operands { 












(%1) = { +0[0]=%1; 

}; 


I; 








}; 

op return { 




// 


010110. . 






map return: 


0x58; 


// 


01011000 


= 


return 


+ 0 [7 : 0] =0x58; 












operands op 0; 

}; 












op call { 




// 


010110. . 






map call: 


0x59; 


// 


01011001 


= 


call #. . . 


map call_i: 


0x5A; 


// 


01011010 


= 


call %I 


map call_j : 


0x5B; 


// 


01011011 


= 


call %J 


+ 0 [7 : 0] =0x58; 












operands { 












#1 = { +0[1] 


=0; +0[0]=1; +1=#1[7 


:0]; +2=#1[15:8]; }; 


(%1) = { +0[1]=1; 

}; 


+ 0 [0] 


=%i; }; 






}; 

op int { 












map int : 


0x5C; 


// 


01011100 




int #. . . 


+ 0 [7 : 0] =0x5C; 












operands op 8; 

}; 












op iret { 












map iret : 


0x5D; 


// 


01011101 




iret 


+ 0 [7 : 0] =0x5D; 












operands op 0; 

}; 












op cleari { 












map cleari: 


0x5E; 


// 


01011110 




clear interrupt flag 
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+ u L / : u J — uxohj ; 










operands op 0; 

}; 










op seti { 










map seti: 


0x5F; 


// 


01011111 


= set Interrupt flag 


+ U L / : U J -Uxot ; 










operands op 0; 

}; 










op ivtl { 










map ivtl: 


0x60; 


// 


01100000 


= load IVT location 












operands op 16; 

}; 










op j ump { 










map jump: 


0x61; 


// 


01100001 


= jump #. . . 


+ U L / : U J — Uxoi ; 










operands op 16; 

}; 










op jump8c { 










map jump8c: 


0x62; 


// 


01100010 


= jump8c #. . . 


+ U L / : U J — Uxbz; 










operands op 16; 

}; 










op jump8nc { 










map jump8nc: 


0x63; 


// 


01100011 


= jump8nc #. . . 


_i_n n , n i n ^7 ^ Q . 

+ U L / : U J — Uxbo ; 










operands op 16; 

}; 










op jump8z { 










map jump8z: 


0x64; 


// 


01100100 


= jump8z #. . . 


+ U L / : U J — Ux b 4 ; 










operands op 16; 

}; 










op jump8nz { 










map jump8nz : 


0x65; 


// 


01100101 


= jump8nz #. . . 


+ 0 [7 : 0] =0x65; 
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operands op 16; 

}; 












op jump 80 { 












map jump8o: 


0x66; 


// 


01100110 


= 


jump8o #. . . 


4-P1 r 7 ■ n 1 - n v £ £ • 












operands op 16; 

}; 












op jump 8 no { 












map jump 8 no: 


0x67; 


// 


01100111 


= 


jump8no #. . . 


4- Pi n • n 1 - rw£7- 

tU [ ' . U J -UXO if 












operands op 16; 

}; 












op jump8n { 












map jump8n: 


0x68; 


// 


01101000 


= 


jump8n #. . . 


4- Pi n • n 1 - fivSK- 

tU L ' . U J -UXDD, 












operands op 16; 

}; 












op jump8nn { 












map jump8nn: 


0x69; 


// 


01101001 


= 


jump8nn #. . . 


map op_error: 


0x6A; 


// 


01101010 


= 


not valid 


map op_error: 


0x6B; 


// 


01101011 


= 


not valid 


map op_error: 


0x6C; 


// 


01101100 


= 


not valid 


map op_error: 


0x6D; 


// 


01101101 


= 


not valid 


map op_error: 


0x6E; 


// 


01101110 


= 


not valid 


map op_error: 


0x6F; 


// 


01101111 


= 


not valid 


map op_error: 


0x70; 


// 


01110000 


= 


not valid 


map op_error: 


0x71; 


// 


01110001 


= 


not valid 


-up n . n 1 - n v £ 7 • 












operands op 16; 

}; 












op jumpl6c { 












map jumpl6c: 


0x72; 


// 


01110010 


= 


jump!6c #. . . 


-i-P T7 . fl 1 _n v T9 ■ 

+ u l ' . u J -ux / z , 












operands op 16; 

}; 












op jumpl6nc { 
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map jumpl6nc: 


0x73; 


// 


01110011 


= 


jumpl 6nc #. . . 


_i_n r"7 . n 1 HwTQ • 

+ U L / : U J — Ux/o; 












operands op 16; 

}; 












op jumpl6z { 












map jumpl 6z : 


0x74; 


// 


01110100 


= 


jumpl 6z #. . . 


_i_n r"7 . n i rw 7 "7/i • 

+ U L / : U J — Ux / 4 ; 












operands op 16; 

}; 












op jumpl 6nz { 












map jumpl6nz: 


0x75; 


// 


01110101 


= 


jumpl 6nz #. . . 


_i_n n , n i n w T R . 

+ U L / : U J — Ux / o ; 












operands op 16; 

}; 












op jumpl 6o { 












map jumpl6o: 


0x76; 


// 


01110110 


= 


jumpl 6o #. . . 


_i_n r"7 . n 1 C\^rH £ m 

+ U L / : U J — Ux / b ; 












operands op 16; 

}; 












op jumpl 6no { 












map jumpl 6no: 


0x77; 


// 


01110111 


= 


jumpl 6no #. . . 


+ U L / : U J — Ux / / ; 












operands op 16; 

}; 












op jumpl 6n { 












map jumpl 6n: 


0x78; 


// 


01111000 


= 


jumpl 6n #. . . 


+ U L / : U J — Ux / b ; 












operands op 16; 

}; 












op jumpl 6nn { 












map jumpl 6nn: 


0x79; 


// 


01111001 


= 


jumpl 6 #. . . 


map op_error: 


0x7A; 


// 


01111010 


— 


not valid 


map op_error: 


0x7B; 


// 


01111011 


= 


not valid 


map op_error: 


0x7C; 


// 


01111100 


= 


not valid 


map op_error: 


0x7D; 


// 


01111101 




not valid 


map op_error: 


0x7E; 


// 


01111110 




not valid 
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map op_error: 


0x7F; 


// 


01111111 


= 


not valid 


+ 0 [7 : 0] =0x77; 












operands op_16; 

I. 










J r 

op push8 { 




// 


10000. . . 


= 


push8 


map push8_i: 


0x80 ; 


// 


10000000 


= 


push8 %I 


map push8_j : 


0x81; 


// 


10000001 


= 


push8 %J 


map push8_a: 


0x82 ; 


// 


10000010 


= 


push8 %A 


map push8_b: 


0x83 ; 


// 


10000011 


= 


push8 %B 


map push8_bp: 


0x8 4; 


// 


10000100 


= 


push8 %BP 


map op_error: 


0x85; 


// 


10000101 


= 


push8 %SP not valid 


map push8_mdr: 


0x86; 


// 


10000110 


= 


push8 %MDR 


map push8_fl: 


0x87; 


// 


10000111 


= 


push8 %FL 


+ 0 [7 : 0] =0x80; 












, r 

operands { 












%1 = { +0 [ 2 : 

}; 


0]=%1; ] 


h 








}; 

n r 

op pop8 { 




// 


10001. . . 


= 


pop8 


map pop8_i : 


0x88 ; 


// 


10001000 


= 


pop8 %I 


map pop8_] : 


0x8 9; 


// 


10001001 


= 


pop8 %J 


map pop8_a: 


0x8A; 


// 


10001010 


= 


pop8 %A 


map pop8_b: 


0x8B; 


// 


10001011 


= 


pop8 %B 


map pop8_bp: 


0x8C; 


// 


10001100 


= 


pop8 %BP 


map op_error: 


0x8D; 


// 


10001101 


= 


pop8 %SP not valid 


map pop8_mdr: 


0x8E; 


// 


10001110 


= 


pop8 %MDR 


map pop8_f 1 : 


0x8F; 


// 


10001111 


= 


pop8 %FL 


+ 0 [7 : 0] =0x88; 












n r 

operands { 












%1 = { +0 [ 2 : 

I; 


0]=%1; ~ 


h 








}; 

op pushl6 { 




// 


10010. . . 


= 


pushl 6 


map pushl6_i: 


0x90; 


// 


10010000 


= 


pushl 6 %I 


map pushl 6_ j : 


0x91; 


// 


10010001 




pushl 6 %J 


map pushl 6_a: 


0x92; 


// 


10010010 




pushl 6 %A 
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map pushl6_b: 


0x93; 


// 


10010011 


= 


pushl6 %B 


map pushl6_bp: 


0x94; 


// 


10010100 


= 


push!6 %BP 


map op_error: 


0x95; 


// 


10010101 


= 


pushl6 %SP not valid 


map pushl6_mdr 


: 0x96; 


// 


10010110 


= 


push!6 %MDR 


map pushl6_fl: 


0x97; 


// 


10010111 


= 


pushl6 %FL 


+ 0 [7 : 0] =0x90; 












operands { 












%1 = { +0 [2 : 

}; 


o]=%i ; ; 


r; 








}; 

op popl6 { 




// 


10011. . . 


= 


popl 6 


map popl6_i: 


0x98; 


// 


10011000 


= 


popl 6 %I 


map popl 6_j : 


0x99; 


// 


10011001 


= 


popl 6 %J 


map popl6_a: 


0x9A; 


// 


10011010 


= 


popl 6 %A 


map popl6_b: 


0x9B; 


// 


10011011 


= 


popl 6 %B 


map popl6_bp: 


0x9C; 


// 


10011100 


= 


popl 6 %BP 


map op_error: 


0x9D; 


// 


10011101 


= 


popl6 %SP not valid 


map popl6_mdr: 


0x9E; 


// 


10011110 


= 


popl 6 %MDR 


map popl6_fl: 


0x9F; 


// 


10011111 


= 


popl 6 %FL 


+ 0 [7 : 0] =0x98; 












operands { 












%1 = { +0 [2 : 

}; 


0]=%1; ] 


r; 








}; 

op c8tol6u { 












map c8tol6u: 


OxAO; 


// 


10100000 






_i_n r"7 . n i n w 7\ n • 

+ U L / : U J — UxAU ; 












operands op 0; 

}; 












op c8tol6s { 












map c8tol 6s : 


OxAl; 


// 


10100001 


















operands op 0; 

}; 












op equal { 












map equal : 


0xA2; 


// 


10100010 







724 



Version "C": 16-bit little-endian 



tU [ / . U J -UXAZ , 








operands op 0; 

}; 








op not { 
map not : 

_i_n n , n i n w 7\ Q . 

+ U L / : U J — UxAo ; 


0xA3; 


// 


10100011 


operands op 0; 

}; 








op and { 
map and: 
+ U L / : U J — UXA4 ; 


0xA4 ; 


// 


10100100 


operands op 0; 

}; 








op nand { 
map nand: 


0xA5; 


// 


10100101 


operands op 0; 

}; 








op or { 
map or: 


0xA6; 


// 


10100110 


operands op 0; 

}; 








op nor { 
map nor: 


0xA7; 


// 


10100111 


operands op 0; 

}; 








op xor { 
map xor: 
4-H [ i ■ n i - fivifi- 

tU [ ' . U J - U Xi-iO , 


0xA8; 


// 


10101000 


operands op 0; 

}; 








op nxor { 
map nxor: 
+0 [7 : 0] =0xA9; 


0xA9; 


// 


10101001 
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operands op 0; 

}; 








op add { 

map add: 

j_ n r^7 • n 1 n w 7\ 7\ ■ 

+ U L / : U J -uxaa; 


OxAA; 


// 


10101010 


operands op 0; 

}; 








op sub { 
map sub: 
+ U L / : U J — UxAB ; 


OxAB; 


// 


10101011 


operands op 0; 

}; 








op addc8 { 
map addc8 : 
+ U L / : U J — uxAL ; 


OxAC; 


// 


10101100 


operands op 0; 

}; 








op subb8 { 
map subb8 : 

_i_n r"7 . ni n w 7\ • 

+ U L / : U J — U x AD ; 


OxAD; 


// 


10101101 


operands op 0; 

}; 








op addcl6 { 
map addcl6: 
+ U L / : U J — UxAb ; 


OxAE; 


// 


10101110 


operands op 0; 

}; 








op subbl6 { 
map subbl6: 
+ U L / : U J — (JxAh ; 


OxAF; 


// 


10101111 


operands op 0; 

}; 








op lshl8 { 
map lshl8: 
+ 0 [7 : 0] =0xB0; 


OxBO; 


// 


10110000 


operands op_0; 
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}; 

op lshr8 { 








map lshr8: 


OxBl; 


// 


10110001 


+ U L / : U J — UxBl ; 








operands op 0; 

}; 








op ashl8 { 








map ashl8: 


0xB2; 


// 


10110010 


+ U L / : U J — UxBz ; 








operands op 0; 

}; 








op ashr8 { 








map ashr8 : 


0xB3; 


// 


10110011 


+ U L / : U J — UxBo ; 








operands op 0; 

}; 








op rotcl8 { 








map rotcl8: 


0xB4 ; 


// 


10110100 


+ U L / : U J — UxB4 ; 








operands op 0; 

}; 








op rotcr8 { 








map rotcr8: 


0xB5; 


// 


10110101 


+ U L / : U J — uxBo ; 








operands op 0; 

}; 








op rotl8 { 








map rotl8: 


0xB6; 


// 


10110110 


+ U L / : U J — UxB b ; 








operands op 0; 

}; 








op rotr8 { 








map rotr8: 


0xB7; 


// 


10110111 


+ 0 [7 : 0] =0xB7; 








operands op 0; 

}; 
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op lshll6 { 








map lshll6: 


0xB8; 


// 


10111000 


_i_n r"7 . ni H w ID Q • 

+ U L / : U J — uxBo ; 








operands op 0; 

}; 








op lshrl6 { 








map lshrl6: 


0xB9; 


// 


10111001 


_i_n r "7 . n 1 n, T n Q . 








operands op 0; 

}; 








op ashll6 { 








map ashll6: 


OxBA; 


// 


10111010 


j_ n r^7 • n i r\ w "q 7\ - 

+ U L / . U J — uxba; 








operands op 0; 

}; 








op ashrl6 { 








map ashrl6: 


OxBB; 


// 


10111011 


_i_n r"7 . ni MwiDTD. 

+ U L / : U J -Uxdd ; 








operands op 0; 

}; 








op rotcll6 { 








map rot ell 6 : 


OxBC; 


// 


10111100 


+ U L / : U J — UxBL ; 








operands op 0; 

}; 








op rotcrl6 { 








map rotcrl6: 


OxBD; 


// 


10111101 


+ U L / : U J -UxBL) ; 








operands op 0; 

}; 








op rotll6 { 








map rotll6: 


OxBE; 


// 


10111110 


_i_n r"7 . ni H w ID IT 1 . 








operands op 0; 

}; 








op rotrl6 { 
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map rotrl6: 


OxBF; 


// 10111111 


tU [ ' .UJ— uxor , 






operands op 0; 

}; 






op in { 






map in: 


OxCO; 


// 11000000 


_i_n r"7 . n i n w r*' n . 

+ u L / : u J — uxl u ; 






operands op 8; 

}; 






op out { 






map out : 


OxCl; 


// 11000001 


+ u L / : u J —Uxl i ; 






operands op 8; 






op ifack_jump { 






map ifack_jump 


: 0xC2; 


// 11000010 


map op_error: 


0xC3; 


// 11000011 


+ 0 [7 : 0] =0xC2; 






operands { 






#1,#2 = { +1 = 

}; 


=#1 [7:0] 


; +2=#1[7:0]; +3=#2[17:8]; }; 


}; 

op clearc { 






map clearc: 


0xC4; 


// 11000100 


+ u L / : u J —Uxl 4 ; 






operands op 0; 

}; 






op setc { 






map setc: 


0xC5; 


// 11000101 


4- Pi T7 • 0 1 -flvPR' 






operands op 0; 

}; 






op cmp { 






map cmp : 


0xC6; 


// 11000110 


+ 0 [7 : 0] =0xC6; 






operands op_0; 
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}; 

op test { 














map test : 


0xC7; 


// 


11000111 






















operands op 0; 

}; 














op imrl { 














map imrl : 


0xC8; 


// 


11001000 


// 


IMR 


load 


map op_error: 


0xC9; 


// 


11001001 








map op_error: 


OxCA; 


// 


11001010 








map op_error: 


OxCB; 


// 


11001011 








map op_error: 


OxCC; 


// 


11001100 








map op_error: 


OxCD; 


// 


11001101 








map op_error: 


OxCE; 


// 


11001110 








map op_error: 


OxCF; 


// 


11001111 






















operands op 8; 

}; 














op inc { 














map inc_i: 


OxDO; 


// 


11010000 


// 


inc 


%I 


map inc_j : 


OxDl; 


// 


11010001 


// 


inc 


%J 


map inc_a: 


0xD2; 


// 


11010010 


// 


inc 


%A 


map inc_b: 


0xD3; 


// 


11010011 


// 


inc 


%B 


map inc_bp: 


0xD4; 


// 


11010100 


// 


inc 


%BP 


map inc_sp: 


0xD5; 


// 


11010101 


// 


inc 


%SP 


map inc_mdr: 


0xD6; 


// 


11010110 


// 


inc 


%MDR 


map inc_fl: 


0xD7; 


// 


11010111 


// 


inc 


%FL 


+ 0 [7 : 0] =0xD0; 














operands { 














%1 = { +0 [2 : 

}; 


0]=%1; 


}; 










}; 

op dec { 














map dec_i: 


0xD8; 


// 


11011000 


// 


dec 


%I 


map dec_j : 


0xD9; 


// 


11011001 


// 


dec 


%J 


map dec_a: 


OxDA; 


// 


11011010 


// 


dec 


%A 
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map 


de c_b : 


OxDB; 


// 


11011011 


// 


dec 


%B 


map 


de c_bp : 


OxDC; 


// 


11011100 


// 


dec 


%BP 


map 


dec_sp : 


OxDD; 


// 


11011101 


// 


dec 


%SP 


map 


dec_mdr : 


OxDE; 


// 


11011110 


// 


dec 


%MDR 


map 


dec_f 1 : 


OxDF; 


// 


11011111 


// 


dec 


%FL 


map 


op_error : 


OxEO; 


// 


11100001 








map 


op_error : 


OxEl; 


// 


11100010 








map 


op_error : 


0xE2; 


// 


11100011 








map 


op_error : 


0xE4; 


// 


11100100 








map 


op_error : 


0xE5; 


// 


11100101 








map 


op_error : 


0xE6; 


// 


11100110 








map 


op_error : 


0xE7; 


// 


11100111 








map 


op_error : 


0xE8; 


// 


11101000 








map 


op_error : 


0xE9; 


// 


11101001 








map 


op_error : 


OxEA; 


// 


11101010 








map 


op_error : 


OxEB; 


// 


11101011 








map 


op_error : 


OxEC; 


// 


11101100 








map 


op_error : 


OxED; 


// 


11101101 








map 


op_error : 


OxEE; 


// 


11101110 








map 


op_error : 


OxEF; 


// 


11101111 








map 


op_error : 


OxFO; 


// 


11110001 








map 


op_error : 


OxFl; 


// 


11110010 








map 


op_error : 


0xF2; 


// 


11110011 








map 


op_error : 


0xF4; 


// 


11110100 








map 


op_error : 


0xF5; 


// 


11110101 








map 


op_error : 


0xF6; 


// 


11110110 








map 


op_error : 


0xF7; 


// 


11110111 








map 


op_error : 


0xF8; 


// 


11111000 








map 


op_error : 


0xF9; 


// 


11111001 








map 


op_error : 


OxFA; 


// 


11111010 








map 


op_error : 


OxFB; 


// 


11111011 








map 


op_error : 


OxFC; 


// 


11111100 








map 


op_error : 


OxFD; 


// 


11111101 








map 


op_error : 


OxFE; 


// 


11111110 








+ 0 [1 


: 0] =0xD8; 














operands { 
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%1 = { +0 [2 : 0] =%1; }; 

}; 

}; 

op stop { 

map stop: OxFF; // 11111111 

+ 0 [7 : 0] =0xFF; 
operands op_0; 

}; 



Table 11.38. Macrocode syntax. 



Macrocode syntax 


Binary 
opcode 


Description 


1 1 \J Ks 


UUUUUUUU 


Not operate: does not do 
anything. 


mv %src , %dst 


00 sssddd 


Copy the src register con- 
tent inside the dst regis- 
ter. Allowed registers are: 
/, 7, A, B, BP, SP, 
MDR, FL. The opcode 
00000000 2 remains for the 
nop instruction, because it 
would represent the copy 
of register A into the same 
register A . 
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Macrocode syntax 



Binary 
opcode 



load8 (%I %J) 



load8 address 



loadl6 (%I %J) 



loadl6 address 



0100010* 
01000110 
0100100* 
01001010 



Description 

Load inside the MDR reg- 
ister an 8-bit or 16-bit 
value from the memory. 
The argument might be an 
index register (/ or J) and 
in that case the bit i is used 
to distinguish the register 
inside the opcode; other- 
wise, the argument can be 
directly the memory ad- 
dress and the last two bits 
of the opcode are equal to 
10 2 . 



store8 (%I %J) 



store 8 address 



storel6 (%I %J) 



loadl6 address 



0100110* 
01001110 
0101000* 
01010010 



Store in memory (eight or 
sixteen bits), at the address 
specified by the argument, 
the value contained inside 
the MDR register. If the 
argument is an index reg- 
ister (/ or /), then the 
bit i is used to distinguish 
the register inside the op- 
code; otherwise, the argu- 
ment can be directly the 
memory address and the 
last two bits of the opcode 
are equal to 10 2 . 
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Macrocode syntax 


jjinary 
opcode 


Description 


cp8 (%I 


%J) 

/ 


0101010s 
01010115 


Copy from RAM memory 
to RAM memory eight or 
sixteen bits, starting from 
the position represented by 
the content of the index 
register specified, to the 
position represented by the 
content of the other index 
register. 


return 
call Iref 
call (%I 


%J) 


01011000 
01011001 
0101101/ 


Return from a call to a 
routine. The bit i repre- 
sents an index register (/ 
or J). The call instruc- 
tion pushes the register PC 
onto the stack, whereas 
the return instruction re- 
stores the register PC from 
the stack. 
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Macrocode syntax 


jjinary 
opcode 


Description 


int njnterrupt 

iret 


01011100 
01011101 


Interrupt call and interrupt 
return; the size of the ar- 
gument njnterrupt is 8- 
bit, but can be only a 
value from zero to six- 
teen. When the int in- 
struction is encountered, 
the registers FL and PC 
are saved inside the stack 
and then the IRQ en- 
able flag is zeroed; when 
an iret instruction is 
encountered, the registers 
PC and FL are restored 
from the stack. 


cleari 
set i 


01011110 
01011111 


Reset or set the hardware 
interrupts flags, contained 
inside the FL register. 


ivtl #r<?/ 


01100000 


Load the IVT: interrupt 
vector table. The argument 
is me interrupt vector table 
start address in memory. 


jump #ref 


01100001 


jump lo ine auuress speci- 
fied. 
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Macrocode syntax 


jjinary 
opcode 


Description 


jump 8c #ref 




jump to me instruction lo- 


01100010 


cated at the specified ad- 






aress n. 


iumio8nc %ref 


01100011 

v_ / — i — — i — v-/ v_ / \w/ — i — — i — 


the 8 -bit carry nag is ac- 






live, 


iurrvofiz #ref 

J OLl L L N- ' w Z_i || m V # 


01100100 


the 8 -bit carry nag is not 






active, 


inmnfin 7 ^rpf 

I UL1 1 U 11 ^ Tf'C'f 


01 1 001 01 


the 8 -bit zero flag is active, 






the 8 -bit zero flag is not 


"i in m i"i P io it /* 

J U.lLLp O U TT 1 VJ 


niinniin 

U11UU11U 


active, 






the 8 -bit overflow flag is 


juiLipoiio it raj 


m 1 nm 1 1 


active, 






tne o-Dit overnow nag is 


jump on #r^/ 


U11U1UUU 


not active, 






ine o-dh sign iidg is dLiive, 


jump8nn #re/ 


01101001 


the 8-bit sign nag is not ac- 






tive. 
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Macrocode syntax 


jjindry 
opcode 


Description 






Jump to the instruction lo- 


jumpl6c #ref 


01110010 


cated at the specified ad- 
dress if: 


jumpl6nc %ref 


01110011 


the 16-bit carry flag is ac- 
tive, 


iuniDl 6z $r&f 

J OLl L L _l_ Z— i || M Ks i 


01110100 


the 16-bit carry flag is not 
active, 

the 16-bit zero flag is ac- 


inmnl f~> n 7 ^ VP f 


011101 01 


tive, 

the 16-bit zero flag is not 


J U.1 L Lp -LOU it l VJ 


D111D11D 

U J LJ.UJ LU 


active, 

the 16-bit overflow flag is 


"ill m y~^\ \ fc\ vi Jr I*/} T 
JLULip±0llO ff/C/ 


m 1 1 m 1 1 


active, 

the 16-bit overflow flag is 


jump ion it r€j 


m 1 1 1 nnn 


noi acuve, 

the 1 6-bit sign flag is ac- 


jumpl6nn iref 


01111001 


tive, 

the 1 6-bit sign flag is not 
active. 






Push on top of the stack 






me o-Dii conieni oi me 






specified register, other- 


puoiio of t/gWttf 


i nnnn rrr 

_luuuu### 


wise restore the specified 
register removing the last 


pop 8 ^register 


lOOOlrrr 


8 -bit value from the top 
of the stack. Please notice 

friof" 1^ r"w ^ mien on/'i t"\/"\t"\ /at 

inai ine pusn anu pop oi 
the SP register is not valid. 
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Macrocode syntax 


jjinary 
opcode 


Description 


pushl6 % register 
pop 16 % register 


1001 Orrr 
10011m* 


Push on top of the stack 
the 16-bit content of the 
specified register, other- 
wise restore the specified 
register removing the last 
16-bit value from the top 
of the stack. Please notice 
that the push and pop of 
the SP register is not valid. 


c8tol 6u 
c8tol 6s 


10100000 
10100001 


Change the A value to a 8- 

bit linsipnpH or siptipH 
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Macrocode syntax 


jjinary 
opcode 


Description 


equal 


10100010 




not 


10100011 




and. 


10100100 


Logical operation starting 


n n n /~n 

1 1 cLI 1Q 


i n i n n i ni 


trom the values contained 
inside the registers A and 


o r 


1 m nm 1 n 


/>, placing the result oacK 
to the A register. 


nor 


10100111 




xor 


101001000 




nxor 


10101001 








A.QQition or suoir acuon. 






A+B or A -B. The previ- 


add 


10101010 


ous carry or borrow status 
is not taken into considera- 


sub 


10101011 


tion, but the result will up- 
date the new carry or bor- 
row status, ine result is 
saved inside the A register. 
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Macrocode syntax 


jjinary 
opcode 


Description 


addc8 


10101100 


/\QQiuon or suDiracuon 
with previous carry or 


subb8 


10101101 


borrow: A+B+carry or 
A-B -borrow. The result 


addcl 6 


10101110 


is saved inside the A reg- 
ister. The number eight or 


subbl 6 


10101111 


sixteen is used to select the 
input carry or borrow. 


lshl8 


10110000 




lshr8 


10110001 




aoniu 


1 01 1 001 0 


Bit shift and rotation with 


dolll O 


1 m 1 nm 1 


8 -bit size, over the origi- 
nal A register value, plac- 


lOL Clo 


1 m 1 m nn 

1U11U1UU 


ing tne result on tne same 
A register. 


rot cr 8 


10110101 




rotl8 


10110110 




rot r8 


10110111 





740 



Version "C": 16-bit little-endian 



Macrocode syntax 


jjinary 
opcode 


Description 


lshll6 


10111000 




lshrl 6 


10111001 




a cih 1 1 f, 

doiu L u 


1 01 1 1 01 D 








Bit shift and rotation with 


aolll J. U 


i ni 1 1 m 1 


16-bit size, over the origi- 






nal A register value, plac- 


rot ciio 


i ni 1 1 1 nn 

1U1111UU 


ing me result on me same 






A register. 


rot cr 1 6 


10111101 




rotll6 


10111110 




rot rl 6 


10111111 
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Macrocode syntax 


jjinary 
opcode 


Description 


in io 
out io 

ifack_jump io , #ref 


11000000 
11000001 
11000010 


Read or write a value at 
the I/O address specified. 
The I/O address is a 8- 
bit number. For is_ack it 
is checked the confirma- 
tion (acknowledge) from 
the device and, if there is 
one, the condition is ver- 
ified and a jump is done 
to the address specified 
as the last argument. Cur- 
rently, only the screen de- 
vice can be used with the 
if ack_jump instruction. 


clearc 
setc 


11000100 
11000101 


Clear or set the carry flags 
insiHp thp FT, rppistpr 


cmp 
Les L 


11000110 
1 1 nnm 1 1 


Compare registers A and 
B, simulating a subtrac- 
tion or the AND, just to 
update tne nags msiae tne 
FL register. 
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Macrocode syntax 


jjindry 
opcode 


Description 






Load tne naraware inter- 






rupi masK. me active diis 






are related to interrupts to 






be enabled. The argument 


imrl mask 


11001000 


is a 8 -bit number, but only 
the least significant four 
bits are used (there are 
only lour naraware inter- 
rupts). 






One unit increment or 




1 1 n 1 D rrr 


decrement, to tne specified 
register, which is written at 




± ± U -L -L /// 


tne last tnree uits mside tne 
opcode. 


stop 


11111111 


CPU halt lockins the 


clock signal. 



11.10 Microcode 

« 

Listing 11.39. Fields of the microcode word, for TKGate. 



field 


Ctrl [1 : 0] 


= {nop=0, stop=l, load=2}; 




field 


pc [10:2] 


= {br=l, bw=2, aux=4, low=8, high=16 / 








pl=32, p2=64, ml=128, m2=256}; 




field 


sel [15: 11] 


= {if_carry_8=l , if_not_carry_8=3 / 








if_zero_8=5, if_not_zero_8=7 , 








i f _negat i ve_8 = 9 , i f _not_negat i ve_8 


=11, 






if_overf low_8=13 , if_not_overf low_ 


8=15, 






if_carry_16=l , if_not_carry_16=3 / 








if_zero_16=5, if_not_zero_l 6=7 , 








i f _negat i ve_l 6=9, i f _not_negat i ve_ 


16=11, 
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if_overf low_16=13, if_not_overf low_l 6=15}; 


field 


mdr [24 : 16] 


= 


{br=l, bw=2, aux=4, low=8, high=16, 
pl=32, p2=64, ml=128, m2=256}; 


field 


i [33:25] 


= 


{br=l, bw=2, aux=4, low=8, high=16, 
pl=32, p2=64, ml=128, m2=256}; 


field 


j [42 :34] 


= 


{br=l, bw=2, aux=4, low=8, high=16, 
pl=32, p2=64, ml=128, m2=256}; 


field 


ram [47 : 43] 


= 


{br=l, bw=2, aux=4, p=0, i=8, j=16, s=24}; 


field 


ivt [50:48] 




{br=l, bw=2, inta=0, intb=4}; 


field 


ir [59:51] 


= 


{br=l, bw=2, aux=4, low=8, high=16, 
pl=32, p2=64, ml=128, m2=256}; 


field 


bus [77 : 60] 


= 


{bw=0xl0000, aux=0x20000}; 


field 


irq[80 : 78] 




{br=l, bw=2, done=4}; 


field 


sp [89 : 81] 


= 


{br=l, bw=2, aux=4, low=8, high=16, 
pl=32, p2=64, ml=128, m2=256}; 


field 


bp [98 : 90] 


= 


{br=l, bw=2, aux=4, low=8, high=16, 
pl=32, p2=64, ml=128, m2=256}; 


field 


b [107 : 99] 


= 


{br=l, bw=2, aux=4, low=8, high=16, 
pl=32, p2=64, ml=128, m2=256}; 


field 


fl [116: 108] 




{br=l, bw=2, aux=4, low=8, high=16, 
pl=32, p2=64, ml=128, m2=256}; 


field 


alu [127 : 117] 




{bw=l, aux=2, sign=4, rank8=0, rankl6=8, 
a=0, and=16, or=32, xor=48, 
nxor=64, nor=80, nand=96, not=112 / 
add=256, sub=228, addc=320, subb=352, 
lshl=512, lshr=528, ashl=484, ashr=560, 
rotcl=576, rotcr=592, 
rotl=768, rotr=784, 

clearc=1024, clearz=1040, clearn=1056, 
clearo=1072, cleari=1088, 
setc=1152, setz=1168, setn=1184, 
seto=1200, seti=1216}; 


field 


a[136:128] 


= 


{br=l, bw=2, aux=4, low=8, high=16, 
pl=32, p2=64, ml=128, m2=256}; 


field 


ioa [145 : 137] 




{br=l, bw=2, aux=4, low=8, high=16, 
pl=32, p2=64, ml=128, m2=256}; 
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field ioc [149 : 146] = {br=l, bw=2, req=4, isack=8}; 



Listing 11.40. Microcode. 



// SP < — (SP - 2) 

// RAM[sp++] <- FL[7:0]; 

// RAM[sp — ] <- FL[15:8] ; 



begin microcode @ 0 
// 

// fetch: 

// IR < — RAM[pc++]; load; 

// 

ir=aux ir=br ram=aux ram=bw ram=p pc=pl ctrl=load; 

// 

nop : 

// fetch: 

ir=aux ir=br ram=aux ram=bw ram=p pc=pl ctrl=load; 
op_error : 

// INT 0 
// push FL 

sp=m2 ; 

ram=br ram=s fl=bw fl=low sp=pl; 
ram=br ram=s fl=bw fl=high sp=ml; 
// reset interrupt enable flag 
fl=br fl=aux alu=cleari; 
// push PC 
sp=m2 ; 

ram=br ram=s pc=bw pc=low sp=pl; 
ram=br ram=s pc=bw pc=high sp=ml; 
// push I 
sp=m2 ; 

ram=br ram=s i=bw i=low sp=pl; 
ram=br ram=s i=bw i=high sp=ml; 
// 

i=br ivt=bw ivt=intb bus=bw bus=aux bus=0; // J <- IVT <— 0; 

pc=br pc=low ram=bw ram=i i=pl; // PC[7:0] < — RAM 

pc=br pc=high ram=bw ram=i i=ml; // PC [15 : 7] < — RAM[i — ] 

// pop I 

i=br i=low ram=bw ram=s sp=pl; // I[7:0] < — RAM[sp++] ; 

i=br i=high ram=bw ram=s sp=pl; // I [15:0] < — RAM[sp++] ; 

// fetch 

ir=aux ir=br ram=aux ram=bw ram=p pc=pl ctrl=load; 
mv_i_ j : 

j=br i=bw // J <- I, fetch; 

ir=aux ir=br ram=aux ram=bw ram=p pc=pl ctrl=load; 



// SP < — (SP ~ 2) 

// RAM[sp++] <- PC [7:0] ; 

// RAM[sp — ] <- PC [15: 8] ; 

// SP < — (SP - 2) 

// RAM[sp++] <- I [7:0]; 

// RAM[sp — ] <- I [15: 8] ; 
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mv 


i d i 






















^ ="W Y~ 1 =Vma7 
CX JJI _L Xj W 


















// A <*— T r>h ' 

/ / A ^ J- [ ICt Uii f 




ir= dux ir 


=br 


r dm- 


dUX 


r dm : 


=bw 


rdm : 


f 


pc 


— p 1 ct r 1— 1 odd ; 


mv 


i b : 






















b=br i=bw 


















// B <- I, fetch; 




i IT— sux ir 


— br 


r dm— 


dUX 


r dITl : 


-bw 


rdm : 


= D 


pc 


=d 1 ci"rl=lodd: 


mv 


i bp : 






















Vav^ = V^, "K- "I = V^l T.T 


















// RP <*— T -F&i-nh • 




ir— dux ir 


— br 


r dm— 


dUX 


r dITl : 


-bw 


rdm : 


jy 


pc 


=d 1 ci"rl=lodd: 


mv 


i sp i 






















qri=hr "i =1^1 T.T 


















// <7P <*— T -Ft^f-nh ' 

/ / ^ 1 ^ let (— ii ^ 




i IT— sux ir 


— br 


r dm— 


dUX 


r dITl : 


-bw 


rdm : 


= D 


pc 


=d 1 ci"rl=lodd: 


mv 


i mdr i 






















TY1 T~=Vl T~ "1 = ViT A 7 
1LLLJ.-L kj J_ _L — UW 


















// MDR <— T -fts-h nh • 




1 IT — dUX i IT 


— br 


r dm— 


dUX 


r dITl : 


-bw 


rdm : 


="0 


pc 


=d 1 ci"rl=lodd: 


mv 


i_f 1 : 






















■f- 1 =Y\Y~ 1 =Y^ Ta7 


















// FT. <— T £e>1-r*h • 




ilT — dUX i IT 


=br 


r dm= 


dUX 


r dm : 


=bw 


rdm : 


-D 


pc 


— p 1 ct r 1— 1 odd ; 


mv 


i i : 






















"i =Y~) y~ ~i ="KtaT 

_L _L I W 


















// T <— .7 -ff^f-nh ' 




j_ IT— 3.UX i IT 


— br 


r dm— 


dUX 


r dITl : 


— bw 


rdm : 




pc 


=*o1 ct"rl=lodd: 


mv 


J CL . 






















PI = Vl T~ "1 =V~1Ta7 
Ct kj ±- J kJVV 


















// A <— .7 £e>t-r*h ■ 

/ / ^» C f JL d L. L^il ^ 




i IT— dUX ir 


— br 


r dm— 


dUX 


r dm : 


— bw 


rdm : 




pc 


=- d 1 ci"rl=lodd: 

N-h' _l_ 1^ _1_ _l_ _1_ \A LA- LA- W 


mv 


n b • 






















i~A ±~J J_ I i~A Vv 


















// B <— J fetch • 




ir— dux i it 


— br 


r dm— 


dUX 


r dITl : 


— bw 


rdm : 


= D 


pc 


=- d 1 ci"rl=lodd: 

' _l_ 1^ _1_ _l_ _1_ LA LA- LA- w 


mv 


i bo " 






















1qjP=1qx: j— bw 


















// BP <- J, fetch; 




IlT — dUX 1 IT 


=br 


r dm- 


dUX 


r dm : 


=bw 


rdm : 




pc 


=pl ctrl=load; 


mv 


"1 ^T) ' 

j—^y ' 






















q-p| = Kr -1=1^ W 


















// <?P <— .T fftnh • 




ir=dux ir 


=br 


r dm- 


dUX 


r dITl : 


=bw 


rdm : 




pc 


=pl ctrl=load; 


mv 


■j mdr i 






















rr\ r\ y~ =Y*\ y~ ~\ =Vita7 
1LLLJ.-L kj L. j — _LJ w 


















// MDR <•— ,T -Fe^i-nh- 




ir— dux ir 


— br 


r dm— 


dUX 


r dITl : 


— bw 


rdm : 


f 


pc 


KA _l_ ^ — ' 1^ _1_ _l_ _1_ LA- LA- W 


mv 


i f 1 ■ 






















■p 1 = ~Y~ ~ 1 = VMa7 
J L — kj j_ I JJ W 


















// FT. <*— .7 -ftsi-nh • 




ir— dux ir 


— br 


r dm— 


dUX 


r dITl : 


— bw 


rdm : 


= D 


pc 


=d 1 ci"rl=lodd: 

S-' _l_ ^ — ' L^ _1_ _l_ _1_ LA LA- LA- ¥ 


mv 


d i : 






















i=br d=bw 


















// I <- A, fetch; 




ir=dux ir 


=br 


ram= 


aux 


ram : 


=bw 


ram : 


=p 


pc 


=pl ctrl=load; 
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ITIV 


Pi n * 

_ci J - 






















~i =Y~i y pi = nT«T 

J JJ -L Ct jj w 


















// .T <— A £e*1r*h - 




ir= aux ir 


=br 


r am= 


aux 


r am : 


=bw 


ram : 


tr 


pc 


— p 1 ct r 1— 1 oad ; 


mv 


a b : 






















b=br a-bw 


















// S <- A, fetch; 




i it— aux i ir 


— br 


r am— 


aux 


r am : 


-bw 


ram : 


= D 

jy 


pc 


=d 1 r , 1~"rl=loati: 

_l_ ^ — ' _1_ _l_ _1_ t_-4_ V^l » 


mv 


a bp : 






















V^iTl = V^i T ;3 = VmaT 
JJkJ JJL Ct JJ W 


















// BP <— A £e>1-r*h • 




ir— dux ir 


— br 


ram- 


aux 


r am : 


-bw 


ram : 


jy 


pc 


=d 1 r , 1~"rl=loati: 

_l_ V — 1 _1_ _l_ _1_ OL V^l m 


mv 


a. sp z 






















cn=hr ^ = V^i t b t 

O U JJ.L Ct JJ w 






















i IT— sux ir 


— br 


ram— 


aux 


r am : 


-bw 


ram : 


= D 

jy 


pc 


=D 1 Ct T~\ =1 OPi d Z 


mv 


a mdr i 






















lLL<Ji.J_ JJ J_ Ct JJW 


















// MDR <*— A £e*i-nh • 




i ir— aux i ir 


— br 


r am— 


aux 


r am : 


-bw 


ram : 


tr 


pc 


=d 1 ci"rl=lo<^d: 


mv 


a f 1 : 






















"Fl = V^l ~Y~ 3 = V^l TaT 

J L — JJ J_ Ct JJW 


















/ / FT. <— A -Fe*r r>h • 
/ / ru ^» a ^ let (— ii ^ 




ir=aux ir 


=br 


r am= 


aux 


r am : 


=bw 


ram : 




pc 


— p 1 ct r 1— 1 oad ; 


mv 


b i : 






















_L JJ J_ JJ JJ W 


















// T <— B £e>ir*h ■ 




i it— aux iir 


— br 


ram- 


aux 


r am : 


— bw 


ram : 


jy 


pc 


=*o1 ct"rl=lo^d: 


mv 


b i * 






















J JJ -L JJ JJW 


















// .T <*— B r>h ' 

/ / U ^ Of let /■ 




i it— aux iir 


— br 


ram— 


aux 


r am : 


— bw 


ram : 


y 


pc 


=- d 1 c1"rl=lor3cl: 


mv 


JJ ct ■ 






















a— br b— bw 


















// A <- B, fetch; 




i it— aux i it 


— br 


ram- 


aux 


r am : 


— bw 


ram : 




pc 


=- d 1 c1"rl=lor3d: 


mv 


b bp : 






















V^r~i = V^i y \~} = \~^\*i 
JJ JJ JJ J_ JJ JJW 


















// BP <— B £c*1-r*h • 




i it— aux iir 


— br 


ram— 


aux 


r am : 


— bw 


ram : 


y 


pc 


=- d 1 ci"rl=lo^d: 


mv 


"h QT") " 
JJ O JJ • 






















q-p| = Kr V^i = VMa7 
O JJ JJ _L JJ JJW 


















// ^P <— B £c*1-r*h ' 




iir— aux ir 


=br 


r am= 


aux 


r am : 


=bw 


ram : 


jy 


pc 


— p 1 ct r 1— 1 oad ; 


mv 


V> mH t • 

1 L l\jL J_ ■ 






















lLL<Ji.J_ JJ J_ JJ JJW 


















// MDR <*— B £e*-hnh • 




i it— aux iir 


— br 


ram- 


aux 


r am : 


— bw 


ram : 


y 


pc 


=d 1 ci"rl=lo<^d: 


mv 


b f 1 : 






















f 1— br b— bw 


















// FL <- B, fetch; 




i it— aux iir 


— br 


ram— 


aux 


r am : 


— bw 


ram : 


= D 

y 


pc 


=d 1 ci"rl=lo<^d: 


mv 


bp i : 






















i=br bp=bw 


















// J <- BP, fetch; 




ir=aux ir 


=br 


ram= 


aux 


ram : 


=bw 


ram : 


=p 


pc 


=pl ctrl=load; 
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mv 
























j=br bp— bw 
















// J <- BP, 


fetch: 




ir-dux ir=br 


r dm- 


dUX 


r dm : 


=bw 


rdm : 


jy 


pc 


=pl ctrl=load; 




mv 


bp cl I 






















6.— br bp— bw 
















// A <- BP, 


fetch; 




i IT— sux i IT— b IT 


r dm— 


dUX 


r dITl : 


-bw 


rdm : 


= D 
tr 


pc 


=T) 1 pt" T 1 = 1 OA (i : 

-L ^ — ' l^- -1— -J— —1- t_-4_ v^. / 




mv 


bp b z 






















V-)="K -p hn=hw 
















// B <- BP 


fetch; 




ir-sux iir= br 


r dm- 


dUX 


r dITl : 


=bw 


rdm : 


tr 


pc 


=pl ctrl=load; 




mv 


-LJ o • 






















sp=br bp— bw 
















// SP <- BP, 


fetch; 




i IT— sux i IT— b IT 


r dm— 


dUX 


r dITl : 


-bw 


rdm : 


= D 
tr 


pc 


=T) 1 pf- T 1 = 1 Or3 (i : 

_l_ V — ' _1_ _l_ _1_ t__4_ J 




mv 


Viti mHr • 






















mdr=br bp— bw 
















// MDR <- BP 


, fetch; 




ir~dux i r— br 


r dm— 


dUX 


r dITl : 


-bw 


rdm : 


tr 


pc 


=d1 r*i" t 1 = 1 oa (i : 




mv 


_bp_f 1 : 






















"F 1 = V^i t" "h"pi="hift7 

J_ _L kj _l_ kj kJ kj W 
















// FT. <— BP 






ir-dux ir— br 


r dm- 


dUX 


r dITl : 


=bw 


rdm : 


tr 


pc 


=pl ctrl=loa.d; 




mv 


sp i : 






















_l_ ij _L_ ij h-s VV 
















// I <- SP 


fetch; 




ir-dux ir— br 


r dm= 


dUX 


r dITl : 


=bw 


rdm : 


tr 


pc 


=pl ctrl=load; 




mv 


so i " 






















J kj J_ O^-J JvJ W 


















let CXi , 




ir— sux i r — b r 


r dm— 


dUX 


r dm : 


— bw 


rdm : 


tr 


pc 


="o 1 r*i""rl=loa(i: 

' -L * — ^- -1— — 1— —1- LA. ^A. f 




mv 


Sp cl I 






















3 =>-j y o ■p ) = 'h ) T A 7 
















/ / A <- SP 


fetch; 




ir~dux i r— br 


r dm— 


dUX 


r dITl : 


— bw 


rdm : 


tr 


pc 


="n 1 r*i" t 1 = 1 oa d : 




mv 


sp bp : 






















V^r~i = }^i y c; -p\=V\TA7 
kj kJ kj ±. O |J kj W 
















// BP <— <?P 






ir-dux ir— br 


r dm- 


dUX 


r dm : 


=bw 


rdm : 


tr 


pc 


=pl ctrl=load; 




mv 


sp b i 






















V^j =~K y c; = V-i t.t 
















// B <— <?P 






ir-dux ir— br 


r dm- 


dUX 


r dITl : 


=bw 


rdm : 


tr 


pc 


=pl ctrl=load; 




mv 


Qf) TTlH T " 






































// MDi? <- SP, fetch; 




ir— dux i r— br 


r dm— 


dUX 


r dITl : 


— bw 


rdm : 


tr 


pc 


=pl ctrl=load; 




mv 


sp f 1 : 






















"F 1 = V"^ T~ QT~i=ViT.7 
















// FL <- SP, 


fetch; 




ir— dux i r — b r 


r dm— 


dUX 


r dITl : 


— bw 


rdm : 


= D 
tr 


pc 


=pl ctrl=load; 




mv 


mdr i : 






















i=br mdr=bw 
















// J <- MDR, 


fetch; 




ir=dux ir=br 


ram= 


dUX 


rdm : 


=bw 


rdm : 


=p 


pc 


=pl ctrl=load; 
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mv 


md r j * 




















j— br mdr=bw 
















// J <- MDR, fetch; 




i r= sux ir=br 


r dm= 


dUX 


r dm= 


: bw 


2Tdm : 




pc 


=pl ctrl=load; 


mv 


mH t hri • 




















bp=br mdr =bw 
















// BP <- MDR, fetch; 




i IT— sux i IT— b IT 


r dm= 


dUX 


r dm- 


: bw 


lTdm : 


= D 


pc 


=d 1 p1""rl=loaci: 

-L ^ — ' -1— -L_ —1- t_-4_ # 


mv 


1 L IUI J_ O |J * 




















O U JJ.L 1LL>J.J_ JJW 
















// <7P <*— MDR -Fe*i-nh • 




ir— sux i r=br 


r dm= 


dUX 


r dm- 


: bw 


lTdm : 


tr 1 


pc 


=d 1 ci""rl=l0(^d: 


mv 


mH t to * 

1 L LV^l J_ i-_J m 




















\-\ = Vi "r" m r~l t~=Vita7 

JJ JJI 1LL<J.J_ JJW 
















// R <*— MDR -Ff^-t r>h • 




i IT— sux i IT— b IT 


r dm= 


dUX 


T 3.1X1= 


: bw 


jTdm : 


= D 


pc 


=d 1 ci""rl=l0(^d: 


mv 


mdr a. * 




















CL JJI 1LL<J.J_ JJW 




















ir— dux i it— b r 


jTdm— 


dUX 


rdm- 


: bw 


rdm : 


f 


pc 


=d 1 ci""rl=l0(^d: 


mv 


mdr ff 1 1 




















"F 1 = ~Y~ TT1 H T" =VMa7 
J L JJ-L 1LL>J.J_ JJW 
















// FT. <*— MDR €e*i-nh • 




ir= aux ir= br 


r dm= 


dUX 


r dm= 


: bw 


rdm : 




pc 


— p 1 ct rl— 1 odd } 


mv 


f 1 i : 




















n =V~i y~ "F 1 =V > it«t 

_L JJ J_ J L JJW 
















/ / T <*— FT. -Ftsf-nh • 




i it— dux i it— bir 


ir dm— 


dUX 


r dm- 


: bw 


rdm : 


ir* 


pc 


=*o1 pF"rl=lofld: 


mv 






















I JJ J_ J L JJ W 
















// .T <*— FT. -fo-hnh • 




i IT— dUX i IT— b IT 


r dm— 


dUX 


rdm- 


: bw 


rdm : 


ir* 


pc 


=- d 1 c1""rl=lodd: 


mv 


f 1 ^ ■ 




















d=br fl— bw 
















// A <- FL, fetch; 




i it— dux i it— bir 


ir dm— 


dUX 


rdm- 


: bw 


rdm : 




pc 


=- d 1 ci""rl=lodd: 


mv 


f 1 bp : 




















V^ir^ =V^i ~Y~ Fl =Vma7 

JJIJ JJ J_ J L — JJW 
















// RP <*— FT. fts-hnh 




j_ IT — dUX i IT— blT 


ir dm— 


dUX 


rdm- 


: bw 


rdm : 


ir* 


pc 


=- d 1 c1""rl=lodd: 


mv 


f 1 qn • 

-1 L O £J m 




















QTi = K"r Fl =VMa7 
O U JJ-L -1 L JJW 
















/ / <7P <*— FT. fts-hnh 




iir— dux ir— br 


r am= 


dUX 


T 3.1X1= 


: bw 


rdm : 


ir' 


pc 


— p 1 ct rl— 1 odd ; 


mv 


f 1 md. r i 




















TTl t~\ Y~=Y*\ Y~ ~F 1 =V^Ta7 
ILL'J.J- JJ J_ J L JJW 
















/ / MDR <*— FT. -F&f- r>h 




i it— dux i it— bir 


jTdm— 


dUX 


r dm- 


: bw 


rdm : 


jy 


pc 


=d 1 ct" rl =1 D3 d : 


mv 


f 1 b : 




















fl=br b=bw 
















// R <*— FT. -fe*i-nh 




ir=dux ir=br 


r dm— 


dUX 


r dm— 


: bw 


ITdm : 


= T) 


p c 


=r~i 1 nf rl =1 naH ' 

M X l^l L_L ± UQ La ^ 


load8_i : 




















mdr=br rdm=bw 


rdm=i 


r 












// WDJ? <- RAMI L]; 




ir=dux ir=br rdm=dux rdm=bw rdm=p 


pc=pl ctrl=lodd; // fetch 
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1 ppirlR n • 
_LkJCLkJ.kJ j ■ 










m H y~ =V~i y~ 


r~ p m = V^i W t~ p m = n • 

J_ CtlLL .kJ W J_ CLILL I ^ 






// MDR <— RAMT-il • 


i IT— sux 


ir=br rdm- aux ram=bw ra.ru— p 


pc 




ctrl=load: // fetch 


load8 • 










i — br i : 


= 1 pw T^m=riTA7 TPTn=p nf^nl ■ 

_l_ k> W J_ Cl 1 L L i^J VV J_ CI ILL KJ \ • _L f 






// 111-01 <— RAMTDC++1- 


i = b r i : 


= Y\ i nY*\ r 3m=ViiJ t^itti="Pi r^i c =t~i 1 ■ 

llJ_yil J_CtlLL kj W J_ Ctl L L kJ k-* kJ -L ^ 






// TTl'i'SI <— RRMror , ++ 7 • 
// L ' J ^ r J f 


TY1 T~ = Y~ 
1 LLkA J_ _kj J_ 


T~ ^1 TTl = TaT T3ni= 1 * 
J_ CtlLL JJW -L CtlLL — _L j 






/ / MDR <•— RAM T i 7 • 


1 T. = a U.X 


\ y~ = V~) "T T^lTTl = ^n>r T^Tn = TlW T^1TT1=T) 

J L J^y J_ J_ CL1 L L Cl Ci ^i. -L CL1 L L i~J W J_ CL1 L L k-" 


pc 


=13 1 


rt-rl=lnari' // fetch 


1 p a ri 1 f) i m 

XVUU.J. kJ -L • 










m H y~ =V~i y~ 

1 L Lk-L J_ -kJ _I_ 


itiHt=1 riM tpitti^V^w T~^iTTi = "i "i =t~i1 • 

1 L l\JL J_ ±U W J_CtlLL W J_ Cll L L _L _L Y~J _L ^ 






// MDun-m <— RAMn++i- 

/ / 1 JL/J\ L J IUUv £ -L r — J ^ 


m H t~ =V~i r~ 

1 L Lk-L J_ -kJ _I_ 


ttiH t~=T~i "i rrVi T^iTTi^rSw T~^iTTi="i "i =m1 • 

1LL^J.J_ 1 1 _L kJ 1 1 J_CtlLL LJ W J_C11LL _L _L ILL _L j 






// MDuri^-m <— ram r i 7 # 


i IT — 9UX 


-j 7- = r)T Tam=anx rflm=hw Tam=T) 

— 1_ J_ y-J J_ J_ Ci-l L L CL LA jTi J_ CL1 L L VV J_ Cll L L r^-* 


pc 


=r>l 


ctrl=load- // fetch 


1 ofldl fi i * 

-L k> CI kA. -L kJ I • 










m H r~=V~i r~ 

1 L L\JL J_ -kJ _I_ 


TTlH Y~= 1 PiM TPlTTl^rSw T~ ^1 TTl = "1 ~1 =T~1 1 " 
1 L LkJ. -L ±U W J_CL1LL LJ W J_ Cll L L I I kJ _L f 






// MDItn-m <— RAMr-i++l- 

/ / 1 JL/J\ L J £ i — — J ^ 


m H t~ =V~i t* 

1 L LkJ. J_ -kJ J_ 


ttiH t~=T~i ~i rrVi T^iTTi^rSw T~^iTTi=n i=m1 • 

lLLkJ.-L 1 1 _L kJ 1 1 J_CtlLL LJ W J_C11LL I I ILL _L j 






// MDRf7*;-P7 <— RMf-i 7- 


j_ IT — 3UX 


-j 7~ = r)T Tam=anx rflm=hw Tam=T) 

— 1_ J_ y-J J_ J_ Cll L L Cl Cl jTi J_ Cll L L VV J_ Cll L L r^-* 


pc 




ctrl=load- // fetch 

V_* C J- -L. -L Cl kA ^ f f mm W L-lJ 


loadl 6 • 

-L- kJ CI kA -L W • 










i=br i : 


= 1 nw t" 3m=hw TaTn=T> np^nl • 

_1_ VV _L_ Cl ILL J^J VV _1_ Cl ILL V — , _1_ ■ 






// 111-01 <— RAM[r)C++l • 


i=br i : 


-high rsm-bw ram-p pc— pi; 






// Ifl5-81 <- RAM[dc++1 • 


uidr =b it 


md.T— low raiu-bw ram-i i— pi; 






// MDR[1:0] <- RAM[±++] ; 


TTl <H Y~ = Y~ 
ILLkA-L .kJ J_ 


TTi H r = h i rrV~i t~ ^ tti =V^taT t"^ityi="i "i =in1 * 

!LLkJ.-L lL_LkJll J_ CtlLL U W J_ CLILL _L _L 1 L L _L f 






/ / MDR f 7 5 • fl 7 <r— HAM f i 7 ■ 


1 T — SU.X 


-j -f~ = Vi y Y~ P\rC\ = P\~\~\'X T P\TT\=Y y i'W T P\TC\ =1 Ti 

J L l^J J_ J_ Cll L L Cl Cl ^i. -L. Cll L L ±-J W J_ Cll L L k-" 


pc 


=13 1 


rtr^lnafi' // fetch 


sr p tp 8 "i • 










y Pi TT1 =V~i r~ 
J_ CL1 LL -kJ _L_ 


T~ Pi TTl = 1 TTiHt =VlTftT " 
J_ CLL LL _L ILLk-L -L -k-> W f 






// ram m <— mdr n • 01- 


i 2?= cLUX 


It— bT ram— aux ram— bw ram— p 


pc 


=d1 


ctrl=load: // fetch 

V — ' C- -1— — 1— — 1— V_y Cl / f f ^m Vil 


St" P TP 8 i " 










■y" ri TTl = T" 
J_ CtlLL i~J -L 


r~ Pi m = ~ i ttt H t" =V~iTaT • 

J_CtlLL I lLLklJ_ U W f 






// RAMT-il <— MDRTl-m • 




-j -K- = ri t Tam=anx Tani^bw Tam=T) 

_1_ J_ y-J J_ J_ Cll L L Cl Cl -1— Cll L L VV J_ Cll L L k-^ 


pc 




ctrl=load- // fetch 


Q r P TP 8 " 

O 1 — k> -1- C * 










i— br i : 


= 1 PW T^TTl=riTA7 T~ P\TC\ =1 Ci T)P=T)1 " 

_L VV J_ Cl 1 L L i<J VV J_ Cl ILL kJ V^J \ . Kj _L f 






// in-01 <— RAMft3C++l • 


i— br i : 


= Y\ i rrhi T^in=riTA7 TPnTi^Ti n c ="n 1 • 

11 J-kj 11 J_ Cl 1 L L i^J VV J_ Cl ILL kJ Y-J V . _L ^ 






// IT15-81 <— RAMtt3c++l • 


y PI TTl =V~i r~ 
J_ Ctl LL -kJ _L_ 


t~ pi tti = "i mr\ y =Vmat • 

J_ CtLLL _L ILLk-L -L J*-' W ^ 






// ram m <— mdr n • 01- 

/ / XvU J L J X JL/l\ L J / 


i r~ 3ux 


-j 7- = V) 7- TaTn=anx Tani^bw TaTn=T) 

_L_ J_ 1^ J_ J_ Cll 1 L Cl Cl A _1_ Cll L L VV _!_ Cll L L k-> 


pc 


=d1 


ctrl=load- // fetch 


QroTplfS "i • 

O i — k- ' J_ J_ V -L- ■ 










J_ Cll L L J_ 


v-- pi iti = i TnriT=riw ttiHt=1 pw "i =ti1 * 

J_ Cl ILL _L ILL k-L -L. J*-" VV ILL kJ. -L- _L_ W W _L k- 1 _L ^ 






// RAMM++1 <— MDRn-01- 


y* p TTl =V~i r~ 

J_ Ctl L L -kJ _I_ 


t~ p rn = 1 m H t"=Vi w ttiHt~=]t "i rrrr "i =tti 1 • 

-LCLLLL _L ILLk-L-L W ILLk-LJ- 1 1 -L kJ 1 1 _L 1 L L _L j 






// RAM r i 7 <— MDRn^-Rl- 


ir~ SUX 


-i y~ = y- TPlTTl = ^n>f T^Tn = TlW TPHTl^T) 

J L i_/ J_ J_ Cll L L CL Cl ^i. -L. CL1 L L 1~J W J_ Cll L L k-" 


pc 




rt-rl=lnari' // fetch 

k^ 1 L _L 1UQ kA ^ f f 4m w (— L-il 


cj- nrpl fi n ■ 

O 1 — W J_ J_ \J I ■ 










r~ =i TT1=V~1 T 
J_ Ctl L L J_ 


T~pirri=n TnriT=riw ttiHt=1 pw n=T)1 * 

J_ Cl ILL \ ILL k-L -L. -k^" VV ILL kJ. -L- _l_ W W I k- 1 _L ^ 






// RAMM++1 <— MDRn-01- 


ram=br 


ram=j mdr=bw mdr=high j=ml; 






// RAMfi — 7 <- MDR [15 : 81 ; 


ir=aux 


ir=br ram=aux ram=bw ram=p 


pc 


=pl 


ctrl=load; // fetch 


storel 6 : 
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i— br i : 


_1_ W W J_ d i L L i*J VV J_ CI ILL * • 


nl • 






RAM[pc++] ; 


i=br i : 


1 1 _L_ V-H 11 _1_ O-L ILL 1—/ VV _L_ C-l ILL kA • 






// I [15 '81 < 


■- RAM[pc++] ; 


r am— br 


ram=i mdr=bw mdr=low 


i=pl ; 
_i_ j. f 




// RAM[i++l 


< — 




r am=br 


r am— i mdr=bw mdr— high 


i=ml ; 




// RAMfi — 7 


<— 


MDR ri5 • 81 • 


1 r — aUX 


-i p = p\p T P\T(\ = P\'\~\ T £ X~ P\TC[=Y^i\rJ 

J l_ A-A _l_ _l_ Oil L L OL LA ^i. J_ OLl L L 1~J VV 


J_ CL1LL k> \^ 


=13 1 


yf- r 1 =1 O^H " 
k^ 1 L _L 1UQ V-A ^ 


/ / 


fetch 


cp 8 i j " 














mdr= br 


ram— bw ram— i i— pi } 






// MDR[7-01 




RAM r i ++ 7 ' 


r a. m— b r 


ram— j mdr— bw j— pi; 






// RAMfi++l 


< — 


MDR T7 • 01 • 


i r — aux 


-j p = p)p T^TTl = ^nX T^TT1=V~>W 

— L_ _L_ i~J _L_ _L_ OLl L L OL LA A _L_ OL1 L L i^J VV 


T PiXX]=V) T)P : 

_L_ OL1LL \~*s 




p+- pi = "| o^d * 

V_* O. -L_ -L- _1_ V_/ OL ^ 


/ / 




Qp q ji- 














mp] y=Y> y 

1 L LvA. J_ XA _l_ 


J_ OL 1 L L xA VV J_ OL ILL I I kA _L ^ 






// AfDJ? r 7 • 0 7 


^ 


pauf -i-/.-/. 7 • 

tWIL JTTJ , 


it am— b it 


ram— i mdr— bw i— pi; 






// RAM[1++] 


^ 


mdr r 7 • m • 


i r — aux 


-j p = p\p r^Tn = riny "T^TTl^V^W 

J l_ A-A _l_ _l_ OT.1 L L OL OL ^i. -L- OLl L L 1~J VV 


y p\rn=r~) "Dp: 

J_ OLlLL k-" h~s \ < 


=13 1 


pp pi = "| pi^H • 

k^ 1 L _L 1UQ V-A ^ 


/ / 


j- e; l. i i 


cp 16 i j ■ 














rnp] y~=ln y 

1 L L ■--A. J_ _L_ 


ILL OL _L_ _L_ LA V V _L_ OL ILL i~J V V _L_ OL ILL _L_ 






// M3J? 17-01 

/ / A iL/l\ L J 


< — 


RAM T i ++ 1 • 


mH T=b t 

ILL J JJ1 


rndr = 'h"i rrVi T^TT1=V~>W T,^ 171=1 

ILL V_A _L_ 11 _L_ LA 11 _L_ OL ILL i~J V V _L_ OL ILL _L_ 


_L pi r 




// MDR115 • 81 


<- 


- RAM n++ 1 • 

lull i £ J f 


r~ jq-m=V) p 

_L_ OLlLL JJ1 


y^rr\=-\ TTld T=T~)W 17ldT=l DW 

_L_ OL ILL 1 1 L L vAl _L_ >^ VV 1 L L V_A _L_ _L_ vA VV 


"i =~n 1 * 
J J^- 1 - r 




// RAM F i++l 


<— 


MDR 17-01 • 


ram— br 


ram— j mdr— bw mdr— hi gh 


i — "D 1 ; 




// RAMF 


<— 


mdr r 1 5 • 01 • 


i r— aux 


ir— br ram— aux ram— bw 


ram— p pc : 


=ol 


p-rpi=~|p)«=]d: 

v — ' O -1— -1— — 1— ^ — ' *-_A V_A / 


/ / 


let 


pn 1 "i i • 














rnH p= p) y 


rr\r\ y = 1 piw T,=)TTI='hw T^lTYl=n 

1 L L L_A J_ _l_ LA VV J_ OL ILL i^J VV J_ OL ILL | 


n=r>1 " 




// MDR 17-01 


<— 


RAM r i++l • 


rnp] r*=ri p 

ILL vA. _l_ KA _L_ 


rnHr=hi oh "r^iTi=V~)w t.^tyi=~i 

ILL L_A _L_ 11 _L_ VJ 11 _L_ OL ILL J.A VV _L_ OL ILL 1 


J ¥ r 




// MDRF15 • 81 


<- 


- RAM T 1 • 


rain=br 


ram=i mdr=bw mdr=low 


i— D 1 ; 




// RAM[i++l 




mdr r 7 • m • 


]T3rn— bir 


;ram— i mdr— bw mdir— high 


i ="D 1 ; 




// RAM[i++] 




mdr n t • m • 


ir=aux 


ir=br ram=aux ram=bw 




p± 


r^i - t~1 =1 r~t pi H • 


// 


fetch 


jump : 














i=br pc=bw; 






// J <- PC 






pc=br pc=low ram=bw ram=i i 


=pl ; 




// PC f7 -01 


<" — - 


- RAMli++l 


pc=br pc=high ram=bw ram=i i 


—ml ; 




// PCF15 • 71 


<"— - 


- RAMfi 7 


ir=aux 


ir=br ram=aux ram=bw 


_L_ OLlLL k^* k^ 


=r>l 


pp pi = "| o^d * 

O. -L_ -L- _1_ VA OL VA. ^ 






j ump 8 c : 














mdr=br 


mdr=low ram=bw ram=p 


np=r)1 ; 




// MDR[7:0] 


< 


- RAM[pc++] 


mdr=br 


mdr=high ram=bw ram=p 


pc— pi ; 




// MDR [15: 7] 


<- 


— RAM[pc++] 


pc=br 


5el=if_carry_8 ; 






// PC = (carry8?MDR:PC) 


ir=aux 


ir=br ram=aux ram=bw 


_L_ OLlLL k-* 


=13 1 


ctrl=load; 


// 


fetch 


jump8nc : 














mdr=br 


mdr=low ram=bw ram=p 






// MDR[7:0] 


< — 


- RAM[pc++] 


mdr=br 


mdr=high ram=bw ram=p 


nr=n 1 ; 




// MDR [15: 7] 


<- 


— RAM[pc++] 


pc=br 


3el=if_not_carry_8 ; 






// PC = (not 


_carry8 ?MDR : PC) 


ir=aux 


ir=br ram=aux ram=bw 


ram=p pc ; 


=P1 


ctrl=load; 


// 


fetch 


j ump 8 z : 














mdr=br 


mdr=low ram=bw ram=p 


pc=pl; 




// MDR[7:0] 


< — 


- RAM[pc++] 



Version "C": 16-bit little-endian 



751 



mdr= br mdr=high r am=bw ram- p 


pc = 


=pl ; 




// MDR[15 : 7] < — RAM[pc++] 


nr=br s p 1 = i f 7 p r o 8 : 








// PC = (z&roS^MDR-PC) 


ir= aux ir=br ra.ru— aux rain = bw 


ram z 


-p pc 


=pl 


ctrl=load: // fetch 

K^f L^- -1— A_ _l_ VA CA CA # f f \m- Imr WAi 


~j ump 8 n z ; 










TTir]r=hr V(\c\ Y~ = 1 (~)W T < =)TTI='hw T^1TT1=T) 

1 L L VA J_ .kA -L- 1 L I VA J_ _L VA VV J_ CL ILL 1~J VV J_ CA 1 L L kA 


pc z 


=13 1 • 




// MDRT7-01 < — RAM[dc++1 

/ / A J L/l\ L J lull i f fcpA ^> J 


mdr=br mdr=high r am— bw r am— p 


pc- 


=pl ; 




// MDR[15 : 7] < — RAM[pc++] 


pc— br ssl— if not zgio 8; 








// PC = (not zero8?MDR: PC) 


i r=sny i r=hr rflm=3nx "r<^m=bw 

_1_ J_ CA LA -1_ J_ .kA J_ J_ CA 1 L L CA LA A J_ CA1 L L J^A VV 


cram z 


=T) -rip 


=pl 


ctrl=load: // fetch 

V_* l_ J_ A- A_ VA CA V_A ^ / / J- \m- W L-lJ 


~1 1 1TY1T) R n " 

1 LA 1 L L kA KJ VA • 










TYlH"r='h"r TTlH T= 1 (~)W "T^TT1=V)W "r^TTl=T) 

ILL \A -1— i -J -1— ILL VA J_ _1_ VA V V J_ CA ILL i~J V V J_ CA ILL kA 


pc z 






// MDRF7 • 0 7 < — RAMFoc++l 


mdr— br mdr=high r am— bw r am— p 


pc- 


=pl ; 




// MDR[15 : 7] < — RAM[pc++] 


pc— br ssl— if overflow 8; 








// PC = (overflow8?MDR: PC) 


i r=sny i r=hr ram=r5nx "r^Tn=bw 

_1_ J_ CA LA A\ —1- -1— J^A -1— -1— CA 1 L L CA LA A\ J_ CA 1 L L J^A VV 


cram z 


=T) -rip 


=pl 


ctrl=load: // fetch 

l L A_ A_ VA CA VA. ^ f f +m W L>lJ 


~i i ittit) Rnn * 

J LAI L L kA U 1 1 VA * 










1 L L\JL J_ -kJ _L 1 L L vA _l_ ±U W J_ CLJ. L L LJ W J_ Ctl L L kA 




=r>1 • 




// MDRT7-m < RiMfnr++ 7 


mdr— br mdr=high r am— bw r am— p 


pc- 


=pl ; 




// MDR[15 : 7] < — RAM[pc++] 


pc— br ssl— if not overflow 8; 








// PC = (not overflow8?MDR:PC) 


ir— aux ir— br ram— aux ram— bw 


cam z 




=pl 


ctrl=load: // fetch 

v — ' I — - -1— — 1— — 1— VA CA VA. / / f ^»m- w Wil 


j ump 8 n : 










mdr— br mdr— low ram— bw ram— p 


pc z 


=pl ; 




// MDR[7:0] < — RAM[pc++] 


mdr— br mdr=high r am-bw r am— p 


pc = 


=pl ; 




// MDR[15 : 7] < — RAM[pc++] 


pc— br sgI— if npgativp 8; 








// PC = (neaatlveS^MDR-PC) 


i r=anv ~i r=br ram=fli]y r^Tn=bw 

_1_ _!_ CA LA Z\ _1_ _!_ JA _L_ J_ CA1 L L CA LA £\ J_ CA 1 L L J^A VV 


cram z 


-p pc 


=pl 


ctrl=load- // fetch 

V ■ l 1_ A_ A_ VA CA VA f f f w 


n nnrn Rnn • 

I LAI L L kA kA 1 1 1 1 * 










mdr— br mdr— low ram— bw ram— p 


pc z 


=pl ; 

ir r 




// MDR[7:0] < — RAM[pc++] 


mdr— br mdr— high ram— bw ram— p 


pc- 


Jr / 




// MDR[15 : 7] < — RAM[pc++] 


pc— br sgI— if not nsgativp 8; 








// PC = (not neaatlve8' ? MDR-PC) 


i r=anv i r=br r^Tn=^nx r<^nTi=bw 

_1_ _L_ CA LA Z\ _1_ _!_ J^A -1— -1— CA 1 L L CA LA *f\ J_ CA 1 L L J^A VV 


cram z 


-p pc 


=pl 

Jr 


ctrl=load- // fetch 

V_ J_ A_ A_ VA CA VA ^ / / ^ \v U 


n limn 1 fi c* * 

\ LA 1 L L kA J_ \J I — ■ ■ 










ILL VA J_ .kA -I- ILL VA J_ J_ VA W J_ CA ILL J^A Vv J_ CA 1 L L kA 


pc z 


=r)1 ■ 
Jr x / 




// MDRT7-01 < — RAMTdc++1 

/ / iiL/l\ L J lull J f lu> ' ' J 


mdr— br mdr— high ram— bw ram— p 


pc z 


=pl ; 




// MDR[15 : 7] < — RAM[pc++] 


np=h v spI = i f carrv 1 (S : 








// PC = (carrvlG^MDR-PC) 


ir— aux ir— br ram— aux ram— bw 


ram z 


-p pc 


=pl 

Jr - 1 - 


ctrl=load: // fetch 

V — ' C- -1— — 1— — 1— VA CA VA / f f W** Vil 


j ump 1 6 n c : 










mdr— br mdr— low ram— bw ram— p 


pc- 


=pl ; 




// MDR[7:0] < — RAM[pc++] 


mdr— br mdr— high ram— bw ram— p 


pc z 


=pl ; 




// MDR[15 : 7] < — RAM[pc++] 


pc— br ssl— if not carry 16; 








// PC = /'not carrvl G^MDR -PC) 


i r=anv i r=hr ram=r5nx rflm=bw 

_1_ J_ CA LA /\ A_ J_ .kA J— J— CA 1 L L CA LA A\ J_ CA 1 L L .KA VV 


cram z 


=1D "DP 


=Pl 


ctrl=load: // fetch 

l LA- A_ VA CA VA ^ / / A. w L>lJ 


~1 1 ITYIT) 1 f\ 7 " 

I LAI L L KA _J_ W Z_i * 










mdr=br mdr=low ram-bw ram=p 


pc z 


=pl; 

ir - 1 - / 




// MDR[7:0] < — RAM[pc++] 


mdr=br mdr=high ram=bw ram=p 


pc= 


=pi; 




// MDR[15:7] < — RAM[pc++] 


pc=br sel=if_zero_l 6; 








// PC = (zerol6?MDR:PC) 
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1 r — aUX 


-j y~=Y)T T~r5m=3nx "r<^TTi=V~)w r,^m=D dp 

_L_ _L_ J-^ _L_ _L_ CA LI L CI CI -Ti. _L_ Cll L L J—l VV _!_ Cll L L k-> 1--^ 


=13 1 


rtrl=load- // fetch 


~i limn 1 f) n y * 

I CLl L L k^ _L w 1 1 • 








rnH Y~=Y) T 

ILL vA _l_ k_J J_ 


ttiHt~=1 dw T<^Tn=V)W T^m='n Dp=n1 ■ 

ILL _1_ _L_ v V _L_ CI ILL .k_y VV _L_ CI ILL k-* k*' V * k^ _!_ r 




// MDRF7-01 < — RAMFr>c++l 


mdr=br 


mdr=high ram— bw ram— p pc— pi ; 




// MDR[15 : 7] < — RAM[pc++] 


pc— br 


sel— if not zgto 16; 




// PC = (not zerol6?MDR: PC) 


i r — aUX 


-i y~ =V-\ x r3TTl = flnx "T^TT1=bw r<^lTTl=D "DP 

_L_ _1_ J^/ _L_ _1_ Cll L L CI d A J_ CL1 L L i~J V V _1_ Cll L L k-/ k-^ 


= D i 


ctrl=load- // fetch 


~1 1 1TY1D 1 fi D " 

1 CL 1 L L k-' _L \J • 








rnH T= H T 

ILLvA-L- JJ1 


rnH T= 1 PW "T^TT1=bw "T^TT^D DP=Dl " 

ILL V_A _L_ _L_ v V _L_ CL ILL i~J V V _L_ CI ILL k-/ k^ kv _L_ # 




// MDRF7-01 < — RAMfoc++l 


mdr= br 


mdr=high ram— bw ram— p pc— pi; 




// MDR[15 : 7] < — RAM[pc++] 


pc=br 


sel— if ovsrf low 16; 




// PC = (overflowl6?MDR: PC) 


i IT — aUX 


-j y=Y)y -y p\rr\ = pi liy r~^rn = HW r<^lTTl=D "DP 

_L_ _L_ J^/ _L_ J_ Cll L L CL CI A J_ CL1 L L i^J V V J_ Cll L L ^-^ K-^ 


=d1 
f - 1 - 


rtrl=load- // fetch 

l L- _1_ _l_ k> CL kA ^ f f %0> k>ll 


~i i ityid 1 fin n * 

J CLl L L k-' J. U I 1 v_y • 








1 L LkA J_ J^J _l_ 


rriH -r= 1 OW ram=hw T P\TC\=T) T)P="n1 * 

1 L L VA J_ _L_ Vv J_ CL ILL 1~J Vv J_ CI 1 L L k-" V - _L ^ 




// MDRT7-01 < — RAMtoc++l 

/ / A J L/l\ L J lull i f k/ ^> J 


mdr= br 


mdr— high ram— bw ram— p pc— pi; 




// MDR[15 : 7] < — RAM[pc++] 


pc-br 


ssl— if not overflow 16; 




// PC = (not overflowl6?MDR: PC) 


i IT — 3UX 


-j x'=Y y iT r^rn=^i]x r^TTi^bw r^m='n dp 

_1_ J_ t^J J_ J_ CLl L L CL CL A. J_ CL1 L L i^J VV J_ CL1 L L k/ k-^ 




ctrl=load- // fetch 


~1 1 1TY1D 1 f> n " 

I CLl L L ± v' 1 1 • 








mdr=br 


mdr— low ram— bw ram— p pc— pi; 




// MDR[7:0] < — RAM[pc++] 


mdr=br 


mdr— high ram— bw ram— p pc— pi ; 




// MDR[15 : 7] < — RAM[pc++] 


pc=br 


sel— if negative 16; 




// PC = (neaatlveie^MDR-PC) 


i r — aUX 


-i r^hr r^TTl = ^nX r<^TT1=V)W V PiVC\=V) DP 

_1_ _!_ J-^ _L_ _L_ CLl L L CL CI A J_ Cll L L j^J VV _L_ CLl 1 L \^ \ ' 




rtrl=load- // fetch 

C -L- -L. -L CL kA ^ / / ^ W W 


n nnrn 1 firm * 

I L-t 1 L L kv _1_ Willi ■ 








ffiH T= n T 

ILL v~h4. _l_ kv -1— 


rriHr=l nw r<^Tn=V)W r^Tn=D dp=d1 • 

ILL _1_ _L_ v V _L_ CL ILL VV J_ CL ILL k-* k^ k-^ _L_ r 




// MDRF7-01 < — RAMFr>c++l 


m H r~ =Vi r~ 

1 L L\JL J_ -kJ _I_ 


ttiH t = }~i "i rrVi t~ pi m =Hw -r- pi m ="pi r~io=-p\1 ■ 

1 L L^J. _l_ 11± U 11 J_CllLL i-J W J_CllLL O M f 




// MDR 5 -77 < RAMror l ++l 


r~-i p 1 =}^i T~ 
k- X- 


c p 1 = -I -F "not - Ti(^(TPi"l - "i"\7'pi 1 f\ • 
o c _L j l nu u iicy a. i lvc 




// Pr* = (r\nf- n&rral- 6?MDR ' PC) 


j_ r — aUX 


-j y= n -r rr^TTi=^nx r<^Tn=bw r^Tn=D dp 

_1_ _L_ 1—^' _L_ _L_ CLl L L CL CI A J_ CLl L L y^J VV _!_ CLl L L kV k> V ^ 




rtrl=load- // fetch 

C -L- -L. -L CL kJ. ^ / / ^ \v U 


call : 








i =b it i 


—low ram— bw ram— p pc— pi sp— ml 


r 


// 1(7-01 < — RAMft>c++l SP — 


i — b r i 


= h i rrh "r^rn^bw r^Tn^D dp=d1 ^d^ttiI 

1 1 _1_ V^H 11 _1_ CL ILL J—/ VV _i_ CL ILL V—* h— ' _1_ ij kv 1 L L _L_ 


r 


// I [15-71 < — RAM[r>c++l SP — 


J_ Cll LL i~J J_ 


p pi rn= o DP=V~)W DP = 1 DW Q-n^-nl • 

J_ Cll L L O k-* ' • i~J W kj' V • _L W W O kJ k-* -L f 




// ram rsD++i <— pen -oi sp++ 


-K" p> rn=V) v* 
J_ Cll L I i~J J- 


p pi rn= o DP=hw DP=hl n"h ^D^TTll " 

J_ Cl ILL O k-* ' • -kJ VV kj' V • 11 J_ vj 1 1 O k-* 1 L L _l_ j 




// RAM f siD — 7 <— PC 1 15 -81 SP — 


n p 1 =V^i T~ 
k- X- 


]_ — b w ; 




// pr 1 <— r- 


i I-3UX 


ir— br ram— aux ram— bw ram— p pc 




ctrl=load: // fetch 


call i: 








or~)=rn 0 - 

O k^ ILL / 






// SP < — fSP - 2) 


J_ Cll L I -k_y J_ 


v- pi rri= o DP=V~)Ta7 DP = 1 PW qn=n1 • 

J_ Cl ILL O kJ V • J^J VV kJ V - _l_ k_J W O KJ k-* -L ^ 




// RAM Tsd++1 <— PCT7 -01 SP++ 


r~ p) rri=V) y* 
J_ Cll L I X- 


r- pi rri= o DP = PTa7 DP=hl flh ^D^TTll " 

J_ Cl ILL O k»/ V • J^J VV K~> \ - 1 1 _l_ 1 1 O ky 1 L L _l_ j 




// RAMTsd — 7 <— PC f 15 -81 SP — 


pc— br 






// PC <— I- 


1 it— aux 


-j p =V-} -r rarn=^i]x r^Tn=bw r^m=D dp 

_1_ J_ J^/ J_ J_ CLl L L CL Cl A. J_ CLl L L VV J_ CLl L L k-/ k-^ 




rtrl=load- // fetch 


call j : 








sp=m2 ; 






// sp < — csp - 2; 


ram=br 


ram=s pc=bw pc=low sp=pl; 




// RAM[sp++] <- PC [7:0], SP++ 
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it am— b t 


2ram— s 


pc— bw pc— high 


sp— ml ; 






// RAMfso — 


7 <- PC ! 15 • 81 SP — 




— 1 = \~\ Ta7 " 
J kj W f 














i r~sux 


i if— bir 


ram-dux ram=bw 


ram— p 


pc 


=d1 

f - L 


pf rl =1 a^H ; 

O -I— -1— -1- V_y t^J_ V_A / 


// fetch 


xsturn : 
















pc-br 


pc=low 


ram=bw ram=s 


° Jr tr - 1 - f 






// PCF7-01 


<- RAM[sp++] ; 


pC— bX" 


pc=high ram=bw ram=s 


^Jr ir - 1 - / 






// PCF15 -81 


<— RAM Fsd++1 • 

^ xvnx i ^ J f 


1 IT — 3UX 


_l_ J_ — JJ J_ 


X CULL — Cl LI A X dlLL — UW 


x~am— p 


pc 


=r>l 


pf- r- 1 = "| O^H " 

V_* l_ J_ -1- -1- CJ- ^ 


// fetch 


Dii sh R i ■ 

b-*s OL 11 W —1- * 
















sp— ml ; 












// SP — • 




_1_ OL1LI JJ1 


ram— s 


1. — JjW 1. — ±(JW r 








// RAMls&l 


<- 117-01 • 


1 X~ — a U.X 


1 jC = b X 


x am — dux x am— dw 


xam— p 


pc 


=13 1 


pf- r- 1 =1 rj • 


// fetch 


















sp— ml ; 












// SP — • 




J_ oil L L J_ 


it am— s 


j — uw j — X U W f 








// RAMfsr>l 


<- Jf7 • 01 • 


i IT— sux 


1 X — b X 


x am — a ux j_ am — uw 


xam— p 


pc 


=r>l 


p+- r-l = "| n^H * 

V_* T _l — — 1 — _l_ VA Ol ^ 


// fetch 


Dl 1 F»h R ^ " 

UOll U OL ■ 
















sp— ml ^ 












// SP — • 




7~ 3 -m="K -p 

_L_ OL 1 L L JJ1 


J_ CtlLL O 


^1 ^ T.T ^1 = \ f"lT.T • 

Ct kj\N Ct 1UW ^ 








// RAMls&l 


<- AF7-01 • 


i r = sux 


1 jC = b X 


x am — dux x am — jjw 


ram— p 


pc 


=d1 


pf rl =1 naH • 

v — ' I — - -1— — 1— — 1— ^ — ' '.-4- V_A / 


// fetch 


nil qVi P "K • 
















opi=rri'| • 

O f~J 11 L _L ^ 












// SP — • 




_L_ OllLL Jvy 1 


j_ am — o 


JL> — JJW JL> — 








// RAMTsidI 


<- BF7-01 • 


i IT— sux 


i 2T- bir 


idm-dux ram— bw 


xam— p 


pc 


=r>l 


pf- r~ I = "| O^H " 

' V_ J_ _1_ -1- VA OL OA ^ 


// fetch 


"Dii sh R h)D • 

p— ' OL O 11 ^ -k^ * 
















O [-J 1 L L _L f 












// CD - 




y~ 7T1 = T" 
J_ CULL JJ -L 


ram— s 


jUkJ — JJW kJVJ — 










<— BP F7 • 01 • 


1 IT — SUX 


i r = bir 


x am — dux x ani— jjw 


xam— p 


pc 


=r>l 

Jr 


pf- r~ I = "| O^H " 

V_ J_ _1_ -1- VA OL OL ^ 


// fetch 


nil q "h P rnH r- • 

UL O 11U 1 I L Ol J_ * 
















O h-J 1 L L _L f 












// CD - 




_L_ OllLL iJ J_ 


x am — b 


mcLX — jjw mcix — _i_ow 


r 






// RAMTsidI 


<- MDP F7-01 • 


i IT— sux 


_L J_ U J_ 


J_ ClllL ClUA. J_ CtlLL JkJW 


x~am— p 


pc 


=r>l 

Jr 


pf- r~ I = "| 0<^H " 

' V_ J_ _1_ -L. VA OL VA. ^ 


// fetch 


push8 f 1 : 
















o-n=TTl1 • 

O KJ 11 L _L ^ 












// SP — • 




ram=b it 


ram— s 


"F 1 =hw "F 1 =1 • 








// RAMfsvl 


<- FLF7-01: 


i IT— dUX 


ir=br 


ram=aux ram=bw 


xam— p 


pc 


=d1 

Jr - 1 - 


pi - t 1 = 1 oa ri : 

v — ' O -1— -1— — 1— ^ — ' OL OL / 


// fetch 


Ti r^i P -I • 
^.JKJ^JiJ _L . 
















i =b it i 


=low 


ram=bw ram=s sp 


=pl 






// I F7 • 01 < 


— RAM[sp++] ; 


i r = sux 


ir=br 


ram=aux ram=bw 


xam— p 


pc 


=d1 


rtrl =1 n^d: 

\w* O J— -1— — 1— ^ — ' OL OL / 


// fetch 


'-J'J^-'o 1 J ■ 
















i =br i 


=low 


ram=bw ram=s sp 


=pl; 

tr f 






// J[7:0] < 


— RAMI SP++1 ; 


ir=aux 


ir=br 


ram=aux ram=bw 


ram=p 


pc 


= P 1 


ctrl=load; 


// fetch 


pop8_a : 
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a=br a=low ram=bw ram=s sp=pl; // A[7:0] < — RAM[sp++] ; 

ir=aux ir=br ram=aux ram=bw ram=p pc=pl ctrl=load; // fetch 
pop8_b : 

b=br b=low ram=bw ram=s sp=pl; // B[7:0] < — RAM[sp++] ; 

ir=aux ir=br ram=aux ram=bw ram=p pc=pl ctrl=load; // fetch 
pop8_bp : 

bp=br bp=low ram=bw ram=s sp=pl; // BP[7:0] < — RAM[sp++] ; 

ir=aux ir=br ram=aux ram=bw ram=p pc=pl ctrl=load; // fetch 
pop8_mdr : 

mdr=br mdr=low ram=bw ram=s sp=pl; // MDR[7:0] < — RAM [sp++] ; 

ir=aux ir=br ram=aux ram=bw ram=p pc=pl ctrl=load; // fetch 
pop8_f 1 : 

fl=br fl=low ram=bw ram=s sp=pl; // FL[7:0] < — RAM[sp++] ; 

ir=aux ir=br ram=aux ram=bw ram=p pc=pl ctrl=load; // fetch 
pushl 6_i : 

sp=m2; // SP < — (SP - 2) 

ram=br ram=s i=bw i=low sp=pl; // RAM[sp++] <— I [7:0]; 

ram=br ram=s i=bw i=high sp=ml; // RAM[sp — ] <— I [15: 8]; 

ir=aux ir=br ram=aux ram=bw ram=p pc=pl ctrl=load; // fetch 
pushl 6_ j : 

sp=m2; // SP < — (SP - 2) 

ram=br ram=s j=bw j=low sp=pl; // RAM[sp++] <— J[7:0]; 

ram=br ram=s j=bw j=high sp=ml; // RAM[sp — ] <— J [15: 8]; 

ir=aux ir=br ram=aux ram=bw ram=p pc=pl ctrl=load; // fetch 
pushl 6_a : 

sp=m2; // SP < — (SP - 2) 

ram=br ram=s a=bw a=low sp=pl; // RAM[sp++] <— A[7:0]; 

ram=br ram=s a=bw a=high sp=ml; // RAM[sp — ] <— A [15: 8]; 

ir=aux ir=br ram=aux ram=bw ram=p pc=pl ctrl=load; // fetch 
pushl 6_b : 

sp=m2; // SP < — (SP - 2) 

ram=br ram=s b=bw b=low sp=pl; // RAM[sp++] <- B[7:0]; 

ram=br ram=s b=bw b=high sp=ml; // RAM[sp — ] <- B [15 : 8] ; 

ir=aux ir=br ram=aux ram=bw ram=p pc=pl ctrl=load; // fetch 
pushl 6_bp : 

sp=m2; // SP < — (SP - 2) 

ram=br ram=s bp=bw bp=low sp=pl; // RAM[sp++] <— BP [7 : 0] ; 

ram=br ram=s bp=bw bp=high sp=ml; // RAM[sp — ] <— BP [15: 8]; 

ir=aux ir=br ram=aux ram=bw ram=p pc=pl ctrl=load; // fetch 
pushl 6_mdr : 

sp=m2; // SP < — (SP - 2) 

ram=br ram=s mdr=bw mdr=low sp=pl; // RAM[sp++] <— MDR[7 : 0] ; 
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ram=br ram=s mdr=bw mdr=high sp=ml ; // RAM[sp — ] <— MDR[15:8]; 

ir=aux ir=br ram=aux ram=bw ram=p pc=pl ctrl=load; // fetch 
pushl 6_f 1 : 

sp=m2; // SP < — (SP - 2) 

ram=br ram=s fl=bw fl=low sp=pl; // RAM[sp++] <- FL [1 ': 0] ; 

ram=br ram=s fl=bw fl=high sp=ml; // RAM[sp — ] <- FL [15 : 8] ; 

ir=aux ir=br ram=aux ram=bw ram=p pc=pl ctrl=load; // fetch 
popl 6_i : 

i=br i=low ram=bw ram=s sp=pl; // I[7:0] < — RAM[sp++] ; 

i=br i=high ram=bw ram=s sp=pl; // I [15:0] < — RAM[sp++] ; 

ir=aux ir=br ram=aux ram=bw ram=p pc=pl ctrl=load; // fetch 
popl 6_j : 

j=br j=low ram=bw ram=s sp=pl; // J [1:0] < — RAM[sp++] ; 

j=br j=high ram=bw ram=s sp=pl; // J [15:0] < — RAM[sp++] ; 

ir=aux ir=br ram=aux ram=bw ram=p pc=pl ctrl=load; // fetch 
popl 6_a : 

a=br a=low ram=bw ram=s sp=pl; // A[7:0] < — RAM[sp++] ; 

a=br a=high ram=bw ram=s sp=pl; // A[15:0] < — RAM[sp++] ; 

ir=aux ir=br ram=aux ram=bw ram=p pc=pl ctrl=load; // fetch 
popl 6_b : 

b=br b=low ram=bw ram=s sp=pl; // B[1:0] < — RAM[sp++] ; 

b=br b=high ram=bw ram=s sp=pl; // B[15:0] < — RAM[sp++] ; 

ir=aux ir=br ram=aux ram=bw ram=p pc=pl ctrl=load; // fetch 
popl 6_bp : 

bp=br bp=low ram=bw ram=s sp=pl; // BP[1:0] < — RAM[sp++] ; 

bp=br bp=high ram=bw ram=s sp=pl; // BP [15 : 0] < — RAM[sp++] ; 

ir=aux ir=br ram=aux ram=bw ram=p pc=pl ctrl=load; // fetch 
popl 6_mdr : 

mdr=br mdr=low ram=bw ram=s sp=pl; // MDR[1 : 0] < — RAM [sp++] ; 

mdr=br mdr=high ram=bw ram=s sp=pl; // MDR[15 : 0] < — RAM[sp++] ; 

ir=aux ir=br ram=aux ram=bw ram=p pc=pl ctrl=load; // fetch 
popl 6_f 1 : 

fl=br fl=low ram=bw ram=s sp=pl; // FL[1:0] < — RAM[sp++] ; 

fl=br fl=high ram=bw ram=s sp=pl; // FL[15:0] < — RAM[sp++] ; 

ir=aux ir=br ram=aux ram=bw ram=p pc=pl ctrl=load; // fetch 
c8tol 6u : 

a=br alu=bw alu=a alu=rank8 fl=br fl=aux // A[15:0] <- A[1:0], 

ir=aux ir=br ram=aux ram=bw ram=p pc=pl ctrl=load; // fetch; 
c8tol 6s : 

a=br alu=bw alu=a alu=rank8 alu=sign fl=br fl=aux // A[15:0] <— A[1:0], 
ir=aux ir=br ram=aux ram=bw ram=p pc=pl ctrl=load; // fetch; 

equal : 
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P) =Y~) Y~ 
Ct kj J_ 


al ii 
Ct _L U 


—low 


a 1 n=a P*ln = T~P*Tl'U"1 f~i "F l =Vi T "F 1 = PM "1 V 
Ct -L LI Ct Ct_LLt J_CtIlJ\._LU J L U J_ J L Ct U. jt± 


// A 


<■— 




i T = 


aux 


3-T' 


— br ram— aux ram— bw ram— p pc— pi Ctrl 


— 1 oad^ 






not \ 














a— b IT 


alu 


—low 


si n=nnf a 1 n=ranV 1 f> f" 1 =Y) t f 1 =anx 

Ct ± U 11 L Ct _l_ L-l J_ Ct 1 1 JV _L KJ J_ _l_ i~J J_ J_ _l_ Ct LI ^i. 


// A 


<— 


WOT A fetch 


i r= 


3.UX 


j_r : 


— br ram— aux ram— bw ram— p pc— pi Ctrl 


— 1 oaol j 






and ; 














Pi =Vl T~ 
Ct JJ J_ 


a 1 n 

Ct _L U 


—low 


pi1ii = pitiH a 1 n=T"anV" 1 fc\ ~F 1 =Y> y "F 1 = pi 1 1 v 

Ct _L U. Ct 1 1 \Jl Ct_LU J_ Cl 1 1 Jv _L L> J L kj J_ J L CI U. 2\. 


// A 


<■— 


fl AA7D B f&i-ch 


i r= 


3.UX 


i t : 


-br ram— aux ram— bw ram— p pc— pi Ctrl 


— 1 oaol^ 






nand : 














Pi =Vl T~ 
Ct JJ J_ 


a 1 n 
Ct _L U 


—low 


Pi~lii=npi'nH p)lin = r"PtTiV1^ ~F 1 =y-\ y- -F 1 = pi i i v 

Ct_LU. llCtll \Jl Ct_LU. J_CtllJS._L\J J L kj J_ J_ _L Ct U 2\. 


// A 


<■— 


fl NRND B ft^i-ch 


i r= 


3.UX 


j_r : 


— br ram— aux ram— bw ram— p pc— pi Ctrl 


— 1 oaol^ 






or : 














Pi =Vl T~ 
Ct JJ _L 


a 1 n 

Ct _L U 


—low 


p\ 1 n = nr p\ 1 n = "r ^ n V 1 -FI^V^t "Fl=Ptinv 

Ct_LLt IJJ- Ct -L Li J_C111JS._L\J J L kj J_ J L Ct U. 2\. 




<■— 




i r= 


3.UX 


i t : 


-br ram— aux ram— bw ram— p pc— pi ctrl 


— 1 oaol^ 






nor r 














Pi =Vl T~ 
Ct JJ _L 


a 1 ii 
Ct _L U 


—low 


a 1 n=nnr piIii^tpitiItI fc\ "Fl =Vi y ~F 1 =3117 

Ct_LU. 11U1 Ct_LU J_CtllJV_L\J J L kj J_ J L Ct U. A. 




<■— 


fl WOR B ftz-tch 

xl XV LTV ^ X $Z? (— Lii 


i r= 


3.UX 


i r : 


— br ram— aux ram— bw ram— p pc— pi ctrl 


— 1 oaol^ 






xo r : 














Pi =Vl T~ 
Ct JJ _L 


a 1 n 
Ct _L U 


—low 


Pilii=v r r^r~ a 1 n = ranlf 1 fc\ "Fl =\~\ y~ "F 1 =2117 

Ct _l_ Lt 2^ UI Ct_LU J_CtllJV_L\J J L kj J_ J L Ct U. A. 


// A 


<■— 


fl 3fOR B ftzfch 

xl LTV ^ X C? (— Lii 


i r= 


clUX 


3-T' 


— br ram— aux ram— bw ram— p pc— pi ctrl 


— 1 oaol^ 






nxor : 














PI =Vl T~ 
Ct JJ _L 


al n 
Ct _L U 


—low 


a 1 n = n Ynr pi1ii = ?"pitiV1 f\ ~F 1 =Y^y "Fl^pinv 

Ct_LU. 1 1 2^.kJ ±. Ct_LU J_CtllJ\._LlJ J L kj J_ J_ _L Ct U J\. 


// A 


<— 


fl NXOR B £e*-tr-h 

/l iV/VV/X\ ^ C? L Lii 


i r= 


aUX 


3-T' 


— br ram— aux ram— bw ram— p pc— pi ctrl 


— 1 oaol^ 






pi H H • 

Cl LILt ■ 














PI = V"l T" 
Ct JJI 


pi 1 n 

Ct _L U 


= VMa7 
kj W 


p)li"i = piHiH pili"i = T"piTilrl(-i F^l^V^i?" -F 1 =311 v 

Ct_LLt d yJ-KJ. al U i_CtIlJVXU J L JJI J L CtLtA. 


// A 


<^ — 




1 IT — 


aUX 


3-T' 


— br ram— aux ram— bw ram— p pc— pi ctrl 


— 1 oaol^ 






O LIU . 














pi ="h t~ 

Ct JJ _L 


al n 
Ct _L U 


—low 


a 1 11 = 0111^ a 1 n = ran VI ^ "Fl ="h Y~ "F 1 =a 1 1 v 

ai u 0 u kj ai u j_ctiijs.j_\j j l kj j_ j l ct u. ^s. 


// A 


<■— 


fl— B fe^i-ch 


i r= 


clUX 


ir : 


=br ram— aux r am— bw ram— p pc— p 1 ctrl 


—load; 






pi H H r** P • 














PI — y~< T" 

Ct JJI 


pi 1 n 

Ct _L U 


= VMa7 

u w 


p)lii = ptHiHf^ pi1i"i = ?"pitiV"R F^l^V^i?" -F 1 =211 y 

Ct _l_ Lt Cl L- Ct _L Li J_CiI1jS.O J L kj J_ J L CtLLA. 


// A 


<^ — 


21 -i- R a r*r*tr f&"hf*h 
ATDTLClXl V/ X CLLii 


i r= 


aUX 


3-T' 


— br ram— aux ram— bw ram— p pc— pi ctrl 


—load; 






en HV^ fi • 

O LIUiJ LI ■ 














a— b IT 


3. lu 


—low 


pi 1 n = cn piln = TPiril<"R "Fl =ln t f 1 =pi n >r 

Ct J- Lt O L-J. k_J i^J Cl -L Li -L Ct 1 1 L* -1- -L kj J_ J_ _L Ct Lt J\ 


// A 


<— 


A — B — hni^mw T~c*i~ r*h 

XX J_» JL/ V_/^i ^ V-/ " / ' V— ' W ^rli 


i r= 


8.UX 


ir : 


=T)T ram— aux r am— bw ram— p pc— p 1 ctrl 


=load; 




















P) T~ 
Ct JJI 


a 1 ii 


= ViTa7 
JJ W 


3 1 n = 2Hrlp p)1ii = t"pitiV1^ -F 1 =V^i t~ "F1=piiiv 

Ct_LLi Ct LlVl L- Ct_LLt J_CII1jS.1vj J L JJI J L Ct U. 2v 


// A 


<■ — 


ATDTLClil / / iCLLii 


1 r = 


3.UX 


i it 1 


— br ram— aux ram— bw ram— p pc— pi ctrl 


= loa.d^ 






Q 1 1 V^Vl 1 ^ • 
O UJJIJ 1 u • 














a— br 


alu 


=bw 


alu— subb alu— rankl6 fl=br fl=aux 


// A 


<— 


A— S— Jboirjroftr, fetch 


ir= 


aux 


ir : 


=br ram=aux ram=bw ram=p pc=pl ctrl 


=load; 






lshl8 : 
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3) =Vl p 

a jji 


pi 1 n 

Ct _L U 


= ViTa7 
JJ W 


Pilii=lc:"r~il Pilin = 7"Pi'nlrP F 1 1 = Pi p -F 1 = a 1 1 v 

Ct 1 Li 1 olll Ct 1 Li I CL 1 1 IS. O J L JJ I J L Ci Li A 


// A 

/ / 






i XT — 


cl UX 


i XT : 


_"U-j^ P p) rn = pi l "] V" T~PlTTl=hw Y~ P\TC\ =1 Ci V) P =P) 1 fi" r 1 

J_ J_ Cll L 1 Ct k-L A. -L- Ctl L L -k_y W J_ CL 1 L L kj' k . k-* _L V l_. J_ _l_ 


= 1 oad } 






lshr8 : 














Pl =Y~) P 
Ct JJ J_ 


al li 
Ct _L U 


—low 


a 1 n = l r p)l"i"] = ?"PiTil<rR "Fl =Vi ?" -F 1 =211 v 

Ct_LLt I Olll ai U J_CL111S.C) J L kj J_ J L Cl U. 2\. 


// A 


<— 




j_ IT — 


Pi 1 "1 V 
a UA 


j_ XT : 


="h y T*Pim = Piinv T"Pitti=ViTa7 pi m =t~i =t~i 1 ct r~ 1 

JJ J_ J_ Ctl L L CL Lt J_ Cll L L JJ W J_ Cll L L JJ |J ^ |J 1 L<L1 1 


= 1 pi pi H * 






a qh 1 R • 

G O 1 1 -L CJ . 














3 = Pl P 
a. JJ J_ 


pi 1 n 


= ViTa7 

jj w 


pilii=pic:Vil p)lin = T"piTiVR pilin^cr-irT-n t^I^V^t^ 

CL _L LI CtOllJ. Ct_LLi J_ClllJS.O al U O 1U 11 J L kj J_ 


F^ 1 =3 1 1 Y 
-1 L Ct Li A 






i xr— 


a LI X 


i XT : 


_"U-^ „__- _--„ yp»TT|="hw TP1TT1=T) f)P=r)1 r"1~Tl 
j_ j_ ct i l l cl m. y\ j_ a l l l vv j_ a ill k> ^ k_* _i_ v i_ j_ _i_ 


= 1 oad. } 




/ / fetch • 


aolll U • 














P) — P 
a. JJ J_ 


pi 1 n 


= ViTa7 

jj w 


pi1ii=piqV~it~ Pilin = T"Pi'nVfi r> 1 n = q n prn ~\~ ~\ =Y~\ v 
a 1 U Ctolll Ct_LLl J_CLlllS.O a 1 U 0 1 U 11 J L JJI 


~F 1 =3 n v 

L Ct Li A 




/ / A ^- »/ ^ ^ iCLLii 


j_ IT — 


Pl 1 "1 V 


j_ XT : 


=Kt T*Pim = Piinv r~ pi tyi =ViTa7 pi m =t~i c =ti 1 r'i - v 1 

JJ J_ J_ Ctl L L Cl Lt TV J_ Cll L L JJ W J_ Cll L L JJ JJ 1^ |J X L. L 1 1 


= 1 pi pi H * 






rnf f 1 P • 

1 U LL-l U ■ 














3) — V~\ y 

a. JJ J_ 


pi 1 n 

Ct _L U 


= ViTa7 

jj w 


P)ll1 = T~i^i"F(^ , 1 3 1 n = T3n V P "F 1 =V^i T" T^1=P)11V 
Ct_LLt IULL-1 Ct _L Li J_CtIlJVO J L JJJ_ J L aUA 


// A 


^ — 


X U (_ (_ _L (Ay ^ 1CLLJ1 


i x~ = 


a LI X 


j_ XT : 


=hf r 3rn=3 n Y T~PiiTl=hw TP1TT1=T) "n C ="H 1 fF T 1 

J_ J_ Cl 1 L L CL Ul Ti. -L CL 1 L L Vv J_ CL ILL KJ KJ ^ k_* _L V l__ J_ _L 


= 1 oad } 






ml" ptR • 

1 U LUl L> • 














3 — P 

a jji 


pi 1 n 

Ct _L U 


= ViTa7 

JJ w 


pi 1 1 1 = t~ c\~ c* y~ a 1 n = r"3n V P "F~|=1">t" F^1=piiiv 
Ct_LLl 1 U L.LI Ct_LLi J_CtIlJVO J L JJJ_ J L a UA 


// A 


^ — 


»-/->F" /*» r* / 2i ) f* h 

i ULLX ( **/ / X *Z? L. y—ll 




Si LI X 


i XT : 


_"U-^ ypiTTi="hw TP1TTI=T) np=n1 nF r 1 

J_ J_ Cl 1 L I Cl \Jl A. J_ CL i i L Vv J_ CL 1 L L KJ KJ k^ k-' _L ^ l_ J_ _L 


= 1 oad } 






rnt- 1 R • 

1 u u ± u ■ 














Pl =Vl P 
Ct JJ J_ 


a 1 n 
ai u 


—low 


Pi"|ii=zzyi^\"hl pilin = T"pi'rilrR "Fl = "h y~ "F1=piiiv 

Ct_LLt 1 U 1 L Ct_LLl J-C11HS.L) J L JJ J_ J L Ct LL 2\. 


// A 


<— 


1UL1 I* 1 / / 1CLLJJ 


i XT— 


clUX 


i XT : 


=V~)T T~PHTl = PmV TPlTTl="hw TPlTTl='n T) P" ="H 1 Cf~ T 1 

J_ J_ Cl 1 L 1 Cl A J_ Cl 1 1 L VV J_ Cl ILL KJ KJ \ . k_* _L V |_» J_ _L 


= 1 oad } 






p o F p fi • 














PI = Pl P 

a. JJ -L 


pi 1 n 

Ct _L U 


JJ w 


a 1 n = rriT" T Pilin = ?"PiTilrR f" ~\ =V> t~ ~F ~\ = a 1 1 v 
Ct_LLt I U 1 L Ct_LLi J_ClllA.O -1 L JJJ_ J L CtLtA. 


// A 


^ — 


I <JLI ( A / ^ ICt Lii 


i XT — 


Pl 1 "1 V 
Ct Li A 


1 XT : 


"U y y--irn=All Y r arn =Vit»7 y p\rr\=T y i T~i C =T~) 1 ft" T"l 
JJ J_ J_ Ctl L L Cl Lt A. J_ Cll L L JJ W J_ Cll L L JJ KJ L> JJ -L L, L 1 1 


= 1 p pi H • 






lshl 1 6 : 














PI = Pl P 

a jji 


pi 1 n 

Ct _L U 


= ViTa7 

JJ w 


3 1 11=1 1 Pilin = ?"PiTilrl^ ~F ~\ = V^i t" F^l=piinv' 

Ct_LLt lolll Ct_LLi J_ClllJS.lVJ J L JJ J_ J L aUA 


// A 


^ — 


V ^ ICLLii 


x. xr — 


Pl 1 1 V 
a Li A 


j_ XT : 


"U y. 7"3irn=3}inv' r 3TT1 =Vit»7 y a m =T^\ "Pl C =T~) 1 P*"F Y~ 1 
JJ J_ J_CtlLL CILt A. J_ Cll L L JJ W J_ Cll L L JJ JJ L> JJ -L L, L 1 1 


= 1 p pi H • 
iuau / 






1 s h. it 1 6 * 














PI = Pl P 

a jji 


pi 1 n 

Ct _L U 


= ViTa7 

jj w 


3ln=l cVlT Plll1 = T~PlTllrl^ F^ 1 = V\ F^^aiTY 
Ct_LLt lolll CtlLi J_ClllJS.lVJ J L JJI J L a UA 


// A 

/ / 


< — 


f 1 C U Lii 


i XT — 


Pl 1 "1 V 
Ct Li A 


1 XT : 


="h T~ TPim = Piinv r sin =V~ita7 p pi tti=pi pi p* =pi 1 ft" rl 

JJ 1 1 Ctl L L Cl Lt A J_ Cll L L JJ W 1 Cll L L JJ KJ L> JJ 1 L. 1 1 


=load; 






a O 1 1 J L \J * 














PI = Pl P 

a. JJ J_ 


pi 1 n 

Ct _L U 


= ViTa7 

jj w 


p)lii = ptc;Fil p>lii = ?"piTilrl (~\ Pilii = Q"i(TTi F 1 "1 ="Fl P 
CtlLi aolll CtlLi I ailA 1 U CtlLi oImH -1 L JJI 


f l=aux 




j_ XT — 


clUX 


j_ XT : 


T~ r 3m=an y T~PHTl=hw PPITT1=P) T) P =P) 1 P"F P 1 
j_ j_ a i l i a a. j_ a i l l vv j_ a ill kj kj \ . k_* _l v i_ j_ _l 


=load; 




/ / fetch ■ 


a Olll _L \J * 














PI =Vl P 
Ct JJ J_ 


al li 
Ct _L U 


—low 


pilii=piQVi-r' p>lii = r"Piplrl f~i Pilii = c;"ipfp "Fl =Vi P 
aiu. aoiii aiu. i aius. i u aiu. oiyn j l jj 1 


f l=aux 


/ / A <— A/ 2 


j_ XT — 


Pl 1 "1 V 
u UA 


j_ XT : 


zhr* p pi m = pt i "i v ppityi=Viw ppitti=pi pip=pi1 pF p1 
jj i i aiu a Lt a i ai l l jj w j_ ai l i jj jj <^ jj i k^- l. i i 


=load; 




// fetch- 


ppF nl 1 " 














Pi = Pi P 
Ct JJ J_ 


aln 
Ct _L U 


= ViTa7 

jj w 


;3 1 l n = T nf" f^l 3 1 ii=T3ri V 1 ^ "F 1 =Vl P -F 1 = 3 n n v 
CtlLi I U L LI Ct 1 Li ICtllJVlU J L JJI .1 L CiLiA 


// A 


<- 


r~r>r r* 7 /a ) ■Ftst-nh 

iULLl / ICLLii 




Si LI X 


j_ XT : 


_"U-^ r-2rn= a 1 1 y PPHTI="hw P Pl TT1=P) T) p =P) 1 P"F P 1 
j_ j_ a i l i a kJ. a j_ a ± l l vv j_ a i l l k-' kj k_* _l ^ i_ j_ _l 


=load; 






rnt" p p 1 (-i • 














a— br 


aiu 


=bw 


alu=rotcr alu=rankl6 fl=br fl=aux 


// A 


<- 


rotcr (A) , fetch 


ir= 


aux 


ir : 


=br ram=aux ram=bw ram=p pc=pl Ctrl 


=load; 






rotll6: 















758 



Version "C": 16-bit little-endian 



a=br alu=bw alu=rotl alu=rankl6 fl=br fl=aux // A <- rotl (A) , fetch 

ir=aux ir=br ram=aux ram=bw ram=p pc=pl ctrl=load; 
rotrl 6 : 

a=br alu=bw alu=rotr alu=rankl6 fl=br fl=aux // A <- rotr (A) , fetch 

ir=aux ir=br ram=aux ram=bw ram=p pc=pl ctrl=load; 



in : 



ioa=br ram=bw ram=p pc=pl; // IOA <— RAM[pc++] ; 

ioc=req; // I/O request; 

ctrl=nop; // does not do anything 

a=br ioc=bw // A <- I/O, fetch; 

ir=aux ir=br ram=aux ram=bw ram=p pc=pl ctrl=load; 



out : 



ioa=br ram=bw ram=p pc=pl; // IOA <— RAM[pc++] ; 

ioc=br a=bw; // I/O <- A 

ioc=req // I/O request, fetch; 

ir=aux ir=br ram=aux ram=bw ram=p pc=pl ctrl=load; 
if ack_jump : 

ioa=br ram=bw ram=p pc=pl; // IOA <— RAM[pc++] ; 

mdr=br mdr=low ram=bw ram=p pc=pl; // MDR[7:0] <— RAM[pc++] ; 

mdr=br mdr=high ram=bw ram=p pc=pl; // MDR[15 : 8] <— RAM [pc++] ; 

a=br ioc=bw ioc=isack; // A <- I/O is ack; 

a=br alu=a alu=rank8 alu=sign fl=br fl=aux; // A[15:0] <— A[7:0] ; 
pc=br sel=if_not_zero_8; // PC = (not_zero8?MDR:PC) ; 

ir=aux ir=br ram=aux ram=bw ram=p pc=pl ctrl=load; // fetch 



int : 



// push FL 

sp=m2; // SP < — (SP - 2) 

ram=br ram=s fl=bw fl=low sp=pl; // RAM[sp++] <- FL[7:0]; 

ram=br ram=s fl=bw fl=high sp=ml; // RAM[sp — ] <- FL [15 : 8] ; 
// reset interrupt enable flag, PC++ 

// (PC is incremented to jump the argument, before it is saved 
// inside the stack) . 

fl=br fl=aux alu=cleari pc=pl; 
// push PC 

sp=m2; // SP < — (SP - 2) 

ram=br ram=s pc=bw pc=low sp=pl; // RAM[sp++] <— PC [7 : 0] ; 

ram=br ram=s pc=bw pc=high sp=ml; // RAM[sp — ] <— PC [15 : 8] ; 
// push I 

sp=m2; // SP < — (SP - 2) 

ram=br ram=s i=bw i=low sp=pl; // RAM[sp++] <— I [7:0]; 

ram=br ram=s i=bw i=high sp=ml; // RAM[sp — ] <— I [15: 8]; 
// Set the PC register back so that the argument 
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/ / t— • CLl I *S~ X COCA . 








pc=ml ; 








// 








i=br ivt=bw ivt=intb ram=bw ram=aux 


2rain 


=d dc=d1: // J <- IVT <— RAMtr>c++l • 


kJL- — U J_ M^-' — 1UW J_ CULL — kj W J_ CLILL — X _L — kJ X ^ 






// PCf7'01 < — RAMfi++l 


pC. — kjL pC — iUCJIl X cUlL — IjW L cLIR — 1 1 — III _l_ r 






// PCT15-71 < — RAMli — 7 










n =V^i r" n =1 t.t pi m =V~iTa7 t~ pi tyi = q qti=ti1 • 

_L kj i_ _L ±UW J_ CULL JJW J_dlLL O oU kJ _L / 






// If7-01 < — RAMfst>++l ■ 

/ / L " J ******! J / 


n =V^ n = r~i i rr\~\ t~ pi m =V~iTa7 t~ pi tyi = q cri=ri1 • 

_L JJI _L J. 1 _L kJ 1 1 _L CULL JJW -L CI. ILL O O U kJ _L ^ 






// IT15-01 < — RAMTSD++1- 

/ / L ' J *i>**** £ J f-' » » J ^ 










T T=3 11 Y 1 T"=V > iY~ Y* PI TT1 — 311 V Y" PI TY1 = V"^ TaT Y" PI TTl =T~1 
11 CXVX2\. ±1 kj J_ _L CLlLL u. U A i_ CLlLL JJW -LCLlLL kJ 


\~J l— 




pf- -r"| = "| Or^ri: 


"i rot" * 
















np=hr nr=l p,w 171=1") w 7"^Tr) = c ; q -n =-p, 1 • 

k^* \^ _L_ k-^ V — < _L_ \^/ vv _L_ d. ILL VV _L_ CL1 L L O O k-^ k—' -L / 






// PCF7-01 <— RAM[sr>++l • 

/ / *7 \—t L J **** * ^ w fc^ J / 


1^/^=1^ r T~i(^="h n rr"h Y~ Pi TTl = V^i Ta7 Y~ PI TTI = c; Q-p,— r>1 • 
k^ \_j kj _l_ kJ O 1 1 _L kJ J. 1 J-CtlLL JJ W J_ CLJ. L L O O kJ k-' -L / 






// PCF15-81 <— RAM[sx>++l • 


/ / nrtn WT. 
/ / t^^ir c " tJ 








"F 1 =Kr f 1 =1 OW Y~ Pi TTI = V^l Ta7 Y~ PI TTl = Q Q -r-i = r^i I • 
J_ _L kj J_ J L ± U W J-CtlLL JJ W J_ CLJ. L L O O kJ k-' -L / 






// FL[7:0] < — RAM[sp++] ; 


-F 1 =Y\y~ 1 = Vi "i it r~i t~ pi tti=V^Ta7 r 3m = c o -r-i =r^i 1 • 

J_ _L kj J_ J L llJ_yil J_CtlLL JJ W J-CL1LL O O kJ k-* -L f 






// FL[15:01 < — RAM[so++l ; 


// fetch 








n t~ = pi 1 1 v n = V^i t" TPim = Piinv t™pitti=V > )Ta7 rain =r~~> 

_L J_ O. Li A -L -L JJ -L -LCtlLL I- CllLL kj W J_ Cll L L kJ 


"Pi C 


=13 1 


pf- -rl = "| n^H * 

V • 1 1_ _1_ _l_ C-i. ^ 


















sp— m2 'f 






// SP < — fSP - 2) 


ram=br ram=s fl=bw fl=low sp=pl; 






// RAMfsv>++l <- FL17-01- 

/ / *%**A * f ' f-~ J ™" L J / 


ram=br ram=s fl=bw fl=high sp=ml; 






/ / R AM /" <?n 7 <*— FT. f 7 *? • P 7 • 


// reset interrupt enable flag 








fl=br fl=aux alu=cleari; 








// Restore the PC correct value: 


PC 


is 


currently located after the 


// opcode of an instruction that 


is 


not 


currently executed, 


// because there is a hardware interrupt to serve; that is why the 


// correct value to save inside the 


stack is PC-1 . 


pc=ml ; 






// PC—; 


// push PC 








sp=m2 ; 






// sp < — csp - 2; 


ram=br ram=s pc=bw pc=low sp=pl; 






// RAM[sp++] <- PC [7:0] ; 


ram=br ram=s pc=bw pc=high sp=ml; 






// RAM[sp — ] <- PC [15: 8] ; 


// push I 








sp=m2 ; 






// SP < — (SP - 2) 


ram=br ram=s i=bw i=low sp=pl; 






// RAM[sp++] <- I[7:0]; 


ram=br ram=s i=bw i=high sp=ml; 






// RAM[sp — ] <- I [15: 8]; 


// 








i=br ivt=bw ivt=inta; 






// I <- IVT <- IRQ; 
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pc— bir pc— low 2ra.n1— bw ra.ru 


=i i ="D 1 : 


// PCf7-01 < — RAMfi++l 

/ / *) L m *^ J ****** f J 


pc— br~ pc— high iraru— bw raru 


— i i— ml } 


// PCF15-71 < — RAMfi — 7 


/ / DOD X 






i— bir i— low iraui— bw iraru=s 




// 1(7-01 < — RAMfsv>++l • 

/ / L J ***** * / »— ' f-~ 9 9 9 r 


n — y~ n =Y~\ "i r^rVi ^ m =V\TaT r 3m=c 
_L — kj ±. _L — llJ_yil J_ CllLL JJW J_ CULL o 


cri=ri 1 • 

O^J \J -L f 


/ / T n 5 • fl 7 <* PAMr«n-/-4- 7 • 

/ / J. l J. —/ . KJ J ^ XVflX'i £ O J*-* If J f 


// 






_L J_ kJ kJ-W 1JC ^ 












-| r=3i] v n r-="K T T^m = r^nx T^TU 

_1_ _1_ CA LA _l l_ J^/ _1_ J_ OLl L L OL LA J_ CJ_ 1 L L 




T) np=n 1 p1"Tl=lo< = 5H" 


ivtl : 






_L JvJ J_ _L ± U W J_CtlLL J^J W J_ Ctl L L kJ 


1~> C = t~*> 1 " 


// T T7 ' HI <— RflMfnr++ 7 * 


i— bir i— high iraui— bw lraui— p 


nr=n1 : 


// 1(15-81 <- RAMfv>c++l • 


~\ TT"! - = n T~ "1 = rlTA7 • 
1 V L _kj J_ _L JvJW^ 




/ / TVT <— MDR • 


ir=aux ir=br ram=aux ram 


=bw ram= 


d dc=d1 c1"rl=loaci: // fetch. 


imrl : 






irq=br ram=bw ram=p pc=pl; 


// TRO <— RAM/"r>r»++7 ■ 


ir=aux ir=br ram=aux ram 


=bw ram= 


p pc=pl ctrl=load; // fetch 


cleari : 






fl=br fl=aux alu=cleari 


irq=done 


ir=aux ir=br ram=aux 


ram=bw 


y~ ^ m =ti n =ri 1 p""r""rl=l(^iPiH* 

J_ Ctl L L kJ kJ -L L>1 L_L _L \J CL kJ. f 


seti : 






fl=br fl=aux alu=seti irq=done 




ir=aux ir=br ram=aux 


ram=bw 


ram=p pc=pl ctrl=load; 


clearc : 






fl=br fl=aux alu=clearc 






ir=aux ir=br ram=aux 


ram=bw 


ram=p pc=pl ctrl=load; 


setc : 






fl=br fl=aux alu=setc 






ir=aux ir=br ram=aux 


ram=bw 


ram=p pc=pl ctrl=load; 


cmp : 






fl=br fl=aux alu=sub 




// FL (A - B); 


ir=aux ir=br ram=aux 


ram=bw 


ram=p pc=pl ctrl=load; 


test : 






fl=br fl=aux alu=and 




// FL (A AND B) ; 


ir=aux ir=br ram=aux 


ram=bw 


ram=p pc=pl ctrl=load; 


inc_i : 






i=pl 




// fetch; 


ir=aux ir=br ram=aux 


ram=bw 


ram=p pc=pl ctrl=load; 


inc_j : 






j=pl 




// J++, fetch; 


ir=aux ir=br ram=aux 


ram=bw 


ram=p pc=pl ctrl=load; 


inc_a : 
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/ / All f ICLUi^ 




iir 


— dUX 


i r 


=br 


r am- 


aux 


ram : 


=bw 


r am : 


ir 


pc=pl ctrl=load; 


inc 


_b : 
























b=r>1 
























ir 


— clUX 


i r 


=br 


r am= 


aux 


ram : 


=bw 


r am : 


ir 


pc=pl ctrl=load; 


inc 


bp : 












































// BP++ fetch • 




ir 


— clUX 


i r 


=br 


r am= 


aux 


ram : 


=bw 


r am : 


ir 


pQ=p ]_ ctrl— load; 


inc 


-^p ■ 
























Q = T^i 1 
0|-J £J X 




















// CDJ.J. JT^J-^fa . 
/ / » » ^ 1CL (— J 1 ^ 




ir 


— clUX 


i ir 


— br 


r am= 


aux 


ram : 


=bw 


r am : 




np=D 1 r*t" t 1 = 1 oa d : 


inc 


mdr ■ 
























TYl T~ =r~~i 1 




















/ / HiLJ£\iif iCLLJi^ 




iir 


— clUX 


i ir 


— br 


r am= 


aux 


ram : 


=bw 


r am : 




np=n 1 r*t" r 1 = 1 oa d : 


inc 


f 1 : 
























f 1 =r>1 

J L kJ X 
























i r 


— clUX 


i r 


=br 


r am= 


aux 


ram : 


=bw 


r am : 


ir 


pc=pl ctrl=load; 


d© c 


























i —ml 




















// J — fetch- 




iir 


— cLUX 


i ir 


— br 


r am= 


aux 


ram : 


— bw 


r am : 


ir 


nf=n 1 r 1 = 1 oa d : 


H pi r~* 


-J • 
























1 =TT1 1 
I ILL X 




















/ / j -Fe*1~nh • 




ir 


— clUX 


i ir 


— br 


r am= 


aux 


ram : 


— bw 


r am : 


ir 


nr=n 1 r*f "T 1 = 1 oa d : 


H pi r~* 


Pi • 
ct ■ 
























=TY1 1 
Ct ILL X 




















/ / a -F&i-nh • 




iir 


— clUX 


i r 


— br 


r am= 


aux 


ram : 


— bw 


r am : 


=D 
ir 


nr=D 1 ct - t 1 = 1 oa d : 


H p r 


























b=ml 




















// S — fetch- 




iir 


— clUX 


i r 


=br 


r arn= 


aux 


ram : 


=bw 


r am : 


— D 


pc=pl ctrl=load; 


d© c 


bp : 
























bp=ml 




















// BP — fetch ■ 




ir 


=aux 


ir 


=br 


ram= 


aux 


ram : 


=bw 


ram : 


ir 


pc— pl ctrl=load; 


ds c 


sp I 
























sp— m 1 




















// <7P £e*i-r*h • 




i r 


= cLU X 


i r 


— br 


r am= 


aux 


ram : 


— bw 


r am : 




np=n 1 ot"rl=load: 


H pi r~* 


md ir * 
























TYl (~\ T~ =TY1 1 
1LL<J.X 1LLX 




















/ / MDR -Ffs-hnh • 




i r 


— clUX 


i r 


— br 


r am= 


aux 


ram : 


-bw 


r am : 




np=D 1 r*t" r 1 = 1 oa d : 


Q6 C_ 


X X ■ 
























f l=ml 




















// FL — , fetch; 




ir 


=aux 


ir 


=br 


ram= 


aux 


ram : 


=bw 


ram : 


=p 


pc=pl ctrl=load; 


// 
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stop : 

ctrl=stop; // stop clock 

// if resumed, fetch: 

ir=aux ir=br ram=aux ram=bw ram=p pc=pl ctrl=load; 

// 

end 



11.11 Interrupts management 

There are three types of interrupts: those generated internally by the 
CPU, those generated by the hardware (IRQ) and the software in- 
terrupts. The CPU internal interrupts can range from INTO to INT3, 
but currently there is only INTO which is related to the identification 
of a wrong opcode. The hardware interrupts can range from INT4 
to INT7 and match respectively the range IRQO to IRQ3. Software 
interrupts can range from INT8 to INT15. The IVT table (interrupt 
vector table) must be prepared through the macrocode, which must 
initialize the IVT register with the address of the table location, as 
in the following example: 



begin macrocode 


@ 0 














jump #start 














nop 
















interrupt_vector 


_table : 














. short 


0x0025 


// 


CPU 


# 


op_code_ 


error 




. short 


0x0024 


// 


CPU 


# 


default_ 


inter rupt_ 


routine 


. short 


0x0024 


// 


CPU 


# 


default_ 


inter rupt_ 


routine 


. short 


0x0024 


// 


CPU 


# 


default_ 


inter rupt_ 


routine 


. short 


0x0024 


// 


IRQ 


# 


default_ 


inter rupt_ 


routine 


. short 


0x0024 


// 


IRQ 


# 


default_ 


inter rupt_ 


routine 


. short 


0x0024 


// 


IRQ 


# 


default_ 


inter rupt_ 


routine 


. short 


0x0024 


// 


IRQ 


# 


default_ 


inter rupt_ 


routine 


. short 


0x0024 


// 


software 


# 


default_ 


inter rupt_ 


routine 


. short 


0x0024 


// 


software 


# 


default_ 


inter rupt_ 


routine 
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.short 0x0024 


// 


software 


# 


default_ 


inter rupt_ 


routine 




.short 0x0024 


// 


software 


# 


default_ 


inter rupt_ 


routine 




.short 0x0024 


// 


software 


# 


default_ 


inter rupt_ 


routine 




.short 0x0024 


// 


software 


# 


default_ 


inter rupt_ 


routine 




.short 0x0024 


// 


software 


# 


default_ 


inter rupt_ 


routine 




.short 0x0024 


// 


software 


# 


default_ 


inter rupt_ 


routine 


default. 


_interrupt_rout ine : 














iret 














op_code. 


_error : 
















stop 














start : 


















loadl6 #sp_base 
















mv %MDR, %SP 
















ivtl #interrupt. 


_vecto r_t able 












imrl OxOF // tuttl 














seti 














sp_base 


















.short 0x0080 














end 

















The table might also be shorter, if there is no need for the software 
interrupts. 

The occurrence of an interrupt (CPU, hardware or software) involves 
the following: the FL register is saved on top of the stack, the inter- 
rupt enable flag is disabled, the PC register is saved on top of the 
stack. The iret instruction restores the PC and then the FL reg- 
isters. But while the conclusion of an interrupt takes place always 
in the same way, through the description of the opcode iret, the 
start is different in the three cases. If it comes to interruption due to 
a wrong opcode, the microcode routine at the label op_error is per- 
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formed; if it is a hardware interrupt, the microcode routine starting at 
the irq label is run, as specified by the dip-switch inside the control 
unit; if it is a software interrupt, the microcode routine starting at the 
int label is executed. The three situations are different: 

• The interrupt due to an incorrect opcode depends on an error from 
the code read inside the RAM memory, but it is not known the 
extent of this damage. Not being able to guess, the best choice 
for the routine associated to the interruption should coincide with 
the CPU halt, otherwise, it might be the case to try to ignore the 
wrong opcode and just try the next memory cell, without being 
able to know if there is possibly an argument to the wrong opcode 
just read. 

• The hardware interrupt (IRQ) occurs asynchronously with re- 
spect to the CPU activity and it is served only when the CPU 
itself would be ready to execute a new opcode. In this condi- 
tion, the PC register already points to the memory location next 
to the opcode that would have to be executed, so, before saving 
the PC register inside the stack, it is necessary to move back the 
PC one position: this way it points to the position of the opcode 
that must be executed after the interrupt is served. The microcode 
related to a hardware interrupt has also the task, once read the ad- 
dress matching the interrupt from the IVT table, to cancel the 
pending request from the IRQ module. This is done by sending 
a signal through the control bus, which in the IRQ module is im- 
plemented as irq_done. It is then a task of the logic inside the 
IRQ module to know what is actually the IRQ signal to reset. At 
the same time, the IRQ module might require the management 
of another interrupt, but this management would be temporarily 
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suspended, because the interrupt enable flag is disabled (it is dis- 
abled immediately after the FL register is saved on the stack). 

• The software interrupt is easier to manage, because it happens 
in a predictable way, without really interrupting the control unit 
activity. 

When an interruption occurs also exists the need to jump properly to 
the routine provided in the IVT table. The IVT register has two sep- 
arate inputs to receive the interrupt number to convert to memory ad- 
dress: one is connected to the auxiliary bus, which is also connected 
to the BUS module and the RAM module; the other is connected 
to the IRQ module. When a CPU internal interrupt is generated, the 
IVT module is controlled directly by the control unit, through the 
BUS module; when a hardware interrupt is received, the IVT mod- 
ule is driven by the IRQ module; when it is a software interrupt, the 
IVT module receives the interrupt number from the RAM, supplied 
as an argument to the opcode. It should also be noticed that with the 
software interrupt, any interrupt number can be specified. 

11.12 Module "RTC": real time clock 

The RTC module (real time clock) produces one pulse per second 
through the hardware interrupt IRQO. If the IRQO is enabled inside 
the IRQ module, an INT4 is requested at every second. INT4 is 
translated into the fifth position inside the IVT table. The RTC mod- 
ule is described only by Verilog code: 
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Listing 11.42. Module RTC. 



1 1 1 — 1 — 1 /"""I / 1 — 1 — 1 \ 

module RTC (T) ; 




output T; 




reg p; 




always 




begin 




p = 0; 




$tkg$wait 


(500) ; 


p = 1; 




$tkg$wait 


(500) ; 


end 




assign T = p; 




endmodule 





11.13 Module "TTY" 

The module TTY, for the video-keyboard terminal management, is 
almost the same as the previous version of the project: it adds an out- 
put connected to the keyboard confirmation signal (acknowledge), to 
control the IRQ1 interrupt. In this way, when the user press a key on 
the keyboard, an IRQ1 interrupt is produced: the routine associated 
to the hardware interrupt can be used to execute the code necessary 
to handle what was typed. 
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Only 8 bits of the I/O 
address are read 




S_DATA 




S_REQ 




S_ACK 


terminal 


K_DATA 




K_REQ 




K_ACK 


CLR 



Listing 11.44. Verilog code describing the module terminal. 



module terminal (K_DATA, 


K_REQ, 


K_ACK, 


S_DATA, 


S_REQ, 


S_ACK, CLR) ; 


output K_ACK; 






output S_ACK; 






output [7:0] K_DATA; 






input [7:0] S_DATA; 






input K_REQ; 






input S_REQ; 
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input CLR; 
reg k_ready; 
reg [7:0] key ; 
reg s_ready; 

initial 
begin 

k_ready = 0; 

s_ready = 0; 

key = 0 ; 
end 

always 
begin 

@ (posedge CLR) 

k_ready = 0; 

s_ready = 0; 

key = 0 ; 
end 

initial $tkg$post ( "TERMINAL" , "%m") ; 

always 
begin 

@ (posedge K_REQ) ; 

# 5; 

key = $tkg$recv ("%m.KD") ; 

# 5; 
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k_ready = l'bl; 

# 5; 

@ (negedge K_REQ) ; 

# 5; 

k_ready = 1'bO; 
end 

always 
begin 

@ (po sedge S_REQ) ; 

# 5; 

$tkg$send ("%m. SD", S_DATA) ; 

# 5; 

s_ready = l'bl; 

# 5; 

@ (negedge S_REQ) ; 

# 5; 

s_ready = 1'bO; 
end 

assign S_ACK = s_ready; 
assign K_DATA = key; 
assign K_ACK = k_ready; 

endmodule 
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Listing 11.45. File 'share/tkgate/vpd/terminal . tcl' for 
TCL interface. 

image create bitmap txtcurs -file "$bd/txtcurs .b" 

VPD :: register TERMINAL 
VPD::allow TERMINAL :: post 
VPD:: allow TERMINAL :: data 

namespace eval TERMINAL { 

# Public variables declarations: the variables $terminal_. . . 

# are arrays of which only the element $n is used; 

# that element identifies uniquely the working interface instance . 

variable terminal_w 
variable terminal_pos 
# 

variable KD 

# Function requested by TKGate to create the interface . 

proc post {n} { 

variable terminal_w 
variable terminal_pos 

# Create the window and save the object element in a $terminal_w array element . 

set terminal_w ($n) [ VPD : : createWindow "TERMINAL $n" -shutdowncommand "TERMINAL :: impost $n"] 

# For convenience, copy the object reference inside the local 

# variable $w; then, the variable $w will be used as a reference to the object . 

set w $terminal_w ( $n ) 

text $w.txt -state disabled 

pack $w.txt 

# Put the cursor at the end of the displayed text . 

$w.txt image create end -image txtcurs 

# Bind the keyboard input, related to the object represented by 
§ $terminal_w ($n) , to the function sendChar . 

bind $w <KeyPress> "TERMINAL :: sendChar $n \"%A\"" 

# Open a reading channel, named «SD» (screen data), 

# and associate it to the function «data»; moreover, open a 

# writing channel, named «KD» (keyboard data) . 

if {[info exists : :tkgate_islnitialized] } { 
VPD: :outsignal $n . KD TERMINAL :: KD ( $n) 

VPD : : insignal $n.SD -command "TERMINAL :: data $n" -format %d 

} 

# Reset the character count, used to count the characters displayed 

# on screen. 

set terminaljoos ( $n) 0 

} 

# Function that receives the typing and put it into the 

# channel «KD», related to the current interface instance. 

proc sendChar {n key} { 
variable KD 

if { [string length $key ] == 1 } { 
binary scan $key c c 
set TERMINAL: : KD ($n) $c 

} 
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} 

# 


Function that TKGate requires to destroy the interface. 


proc unpost {n} { 




variable terminal w 




variable terminal_pos 




destroy $terminal_w ($n) 




destroy $terrainal_pos ($n) 




unset terminal_w ( $n) 




unset terminal_pos ( $n) 


} 
# 


Function used to get the data to display on screen. 


proc data {n c} { 




variable terminal_w 




variable terminal_pos 




# For convenience, copy the object reference representing the 




# interface, inside the variable $w. 




set w $terminal_w ( $n ) 




catch { 




# The variable $c contains the character to display. 




if { $c == 7 } { 




if J3PT 
ft DtLlj 




bell 




return 




} elseif { $c == 127 | $c == 8 } { 




# DEL 1 BS 




if { $terminal_pos { $n ) > 0 } { 




# Delete the last displayed character, but only if the 




# characters counter is greater than zero, otherwise 




§ the cursor would disappear and the next characters 




§ would be located in an invisible screen area . 




$w.txt configure -state normal 




$w.txt delete "end - 3 chars" 




$w.txt see end 




Sw.txt configure -state disabled 




set terminal_pos ( $n) [expr {$terminal_pos ( $n) - l}] 

} 




return 




} elseif { $c == 13 } { 




# Convert CR to LF. 




set c 10 




} 

# Convert the character number into a visible symbol . 




set x [format %c $c] 




# Display the symbol . 




$w.txt configure -state normal 




$w.txt insert "end - 2 chars" $x 




$w.txt see end 




$w.txt configure -state disabled 




# Update the displayed characters counter. 


} 


set terminal_pos ( $n) [expr {$terminal_pos ($n) + l}] 

} 
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} 



11.14 Module "HDD" 

The HDD module is new compared to the previous version: it is 
an interface that simulates a set of eight units of mass storage, each 
one divided into sectors of 512 bytes. The device is accessed with 
different I/O addresses depending on the type of operation that is to 
be made. 
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Figure 11.46. Module HDD. 
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Listing 11.47. Verilog code describing the module hd. 



module 


hd (DRIVE, SECTOR, 


BYTE, 


WRITE, DATA_IN, 




DATA_OUT, REQ, 


ACK, 


CLR) ; 


input 


[2:0] DRIVE; 






input 


WRITE, REQ, CLR; 






input 


[15:0] SECTOR; 






input 


[9:0] BYTE; 






input 


[7:0] DATA_IN; 
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output [7:0] DATA_OUT; 


output ACK; 




// 




integer _data_out; 


integer _ack; 




// 




reg [7:0] buf f er [ 0 : 1 02 3 ] ; 


reg [8*24-1:0] filename = "hd0_sector_000000000 . mem 


// 




integer i; 




integer sector_8, 




integer sector_7 ; 




integer sector_6, 




1 i j i — 

integer sector_5 ; 




integer sector_4 ; 




integer sector_3 ( 




integer sector_2 ; 




integer sector_l, 




integer sector_0 ( 




integer x; 




// 




initial 




begin 




for (i=0; K1024; i=i + l) 


begin 




// 




// Initial buffer reset with 00. 


// 




buffer[i] = 8'h00; 
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end 




_ack = 0; 




_data_out = 0; 




x = 0; 




end 




// 




always 




begin 




@ (posedge CLR) 




_ack = 0; 




_data_out = 0; 




x = 0; 




end 




// 




// 




// 




always 




begin 




// 




// Start after a positive 


edge from REQ ! . 


// 




@ (posedge REQ) ; 




# 10; 




// 




// Define the sector file 


name . 


// 




x = SECTOR; 




sector_0 = x%10; 




x = x/10; 
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sector_l 


= x%10; 










x = x/10; 












sector_2 


= x%10; 










x = x/10; 












sector_3 


= x%10; 










x = x/10; 












sector_4 


= x%10; 










x = x/10; 












sector_5 


= x%10; 










x = x/10; 












sector_6 


= x%10; 










x = x/10; 












sector_7 


= x%10; 










x = x/10; 












sector_8 


= x%10; 










// 












// The string starts 


from right 


to 


left ! 


// 












filename 


;i2*8+7 : 12*8] 


= sector_ 


8 


+ 


8' d4 8; 


filename 


;il*8+7 : 11*8] 


= sector_ 


7 


+ 


8' d4 8; 


filename 


;i0*8+7 : 10*8] 


= sector_ 


6 


+ 


8' d4 8; 


filename 


;9*8+7:9*8] = 


sector_5 


+ 


8' 


d48 ; 




filename 


;8*8+7:8*8] = 


sector_4 


+ 


8' 


d48 ; 




filename 


;7*8+7:7*8] = 


sector_3 


+ 


8' 


d48, 




filename 


;6*8+7:6*8] = 


sector_2 


+ 


8' 


d48, 




filename 


;5*8+7:5*8] = 


sector_l 


+ 


8' 


d48, 




filename 


;4*8+7:4*8] = 


sector_0 


+ 


8 ' 


d48, 




// 












filename [21*8+7:21*8] 


= DRIVE + 




8 ' d4 8 ; 
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// 

if (WRITE) 
begin 
// 

// Put data Inside the buffer. 

// 

buffer [BYTE] = DATA_IN; 
// 

// Save the buffer to disk. 
// Please remember that $wrltememh() 
// must be enabled Inside TKGate 
// con figuration! 

// 

$writememh ( filename, buffer); 
// 

// Return the same data read. 

// 

_data_out = buffer [BYTE ] ; 
end 
else 
begin 
// 

// Get data from disk to the buffer. 

// 

$readmemh ( filename , buffer); 
// 

// Return the data required. 

// 

_data_out = buffer [BYTE] ; 
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end 

// 

// Acknowledge. 

// 

_ack = 1; 
// 

// Walt the end of request 

// (the negative edge) 

// before restarting the loop 

// 

@ (negedge REQ) ; 

# 10; 

// 

// Now become ready again. 

// 

_ack = 0; 
end 
// 

assign DATA_0UT = _data_out; 

assign ACK = _ack; 

// 

endmodule 



Since this is a new module, it is important to describe the behaviour 
of the hd module, which has just been shown as a Verilog source: the 
inputs DRIVE, SECTOR and BYTE are used to uniquely identify 
a byte, belonging to a certain sector of a certain storage device. In 
practice, each virtual storage unit is divided into sectors, from the 
first, equal to zero, to the last, equal to 65536. Since the sector size 
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is 512 bytes, these storage units have virtually a maximum capacity 
of 32 Mbyte. 

The input WRITE allows to select a write access to the device stor- 
age, otherwise a read access is intended. The access to the unit is 
one byte at a time and the output DATAjOUT should be used for 
reading, while the input DATA_IN should be used for writing. The 
inputs and outputs REQ, ACK and CLR operate in a predictable 
manner, in accordance with what is already described for the termi- 
nal device (keyboard and screen). 

To use the HDD device, it is necessary to provide the coordinates of 
the byte to which the access should be done, writing to the I/O ports 
4, 5 and 6, respectively for the storage unit, the field and the byte. 
Then it is possible to ask a read access (I/O address 2) or write access 
(I/O address 3). When a read or write operation has been completed, 
the confirmation signal (acknowledge) is issued from the HDD mod- 
ule and sent to the IRQ module, as an IRQ2 signal. Anyway, it is not 
necessary to enable IRQ2 to access the HDD module, because read- 
ing is always possible, with the difference that if the read data is not 
yet valid, the value is negative. Similarly, after writing, it is possible 
to verify the write completion through a read of the same byte: if 
the value obtained is negative, it means that the operation is not yet 
complete. 

The module hd allows to use the virtual storage devices without the 
need to first create files: when accessing for the first time, in writing, 
to an area that had never been used before, the file that represents 
the sector is created on the fly (the file is created inside the directory 
where TKGate is working). If it is read a sector that does not exist 
already, it is produced just a null value (00i 6 ) without creating the 
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associated file. The files that are created on writing match the pattern 

'hdw_sect or _sssssssss .mem'. 

11.15 Macrocode: terminal usage example, 
through interrupts 

The following code performs the reading of the keyboard, through 
the interruption generated by the keyboard itself, and the represen- 
tation of the text typed on the screen. The begin of code defines the 
location of the IVT table and the associated code for the various table 
elements. 

Listing 11.48. Macrocode managing a terminal through the key- 
board interrupts. 

begin macrocode @ 0 
jump #start 
nop 

interrupt_vector_table : 



. short 


OxOOlC 


// 


CPU 


. short 


OxOOlC 


// 


CPU 


. short 


OxOOlC 


// 


CPU 


. short 


OxOOlC 


// 


CPU 


. short 


OxOOlC 


// 


IRQ 


. short 


OxOOlE 


// 


IRQ keyboard 


. short 


OxOOlC 


// 


IRQ 


. short 


OxOOlC 


// 


IRQ 


. short 


OxOOlC 


// 


software 


. short 


OxOOlC 


// 


software 


. short 


OxOOlC 


// 


software 


. short 


OxOOlC 


// 


software 



def ault_interrupt_rout ine : 
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iret 






op_code_error : 






stop 






keyboard : 






in 1 


// 


Keyboard read. 


equal 






jump8z #keyboard_end 


// 


Exit If no data 




// 


was read. 


out 0 


// 


Otherwise print 




// 


on screen the 




/ / 


same value. 


jump #keyboard 


// 


Loop. 


keyboard_end : 






iret 






start : 






loadl6 #data_l 


// 


Set the stack 


mv %MDR, %SP 


// 


location . 


// 






ivtl #interrupt_vector_ 


_table 


imrl OxOF 


// All IRQs are 


set i 


// 


enabled. 


keyboard_reset : 






in 1 


// Keyboard read. 


equal 






■ ii i i 

;jump8nz #start 


// Loop until the 




// keyboard buffer 




// 


is empty. 


endless_cycle : 






jump #endless_cycle 


// 


Just loop 
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// forever. 



stop : 



end 



stop 



data 0 



data 1: 



// Will never 
// reach this 
// point . 



short 0 



short 0x0080 



Figure 11.49. Keyboard input and screen output. Video: ogv 
h tip ://www.yo utube. com/wa tch 7v=dgIfZHNTedM 
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This is another version of the project, with more powerful registers 
and a better control-unit. There are two data-busses, each one con- 
nected with a different ALU input, but at the moment, the opcode is 
still reduced to 8-bit and there is no space for enough instructions, 
so the ALU continues to depend on registers A and B . The old SEL 
module is not present anymore because the selection work is done 
inside the control-unit. The MDR register is not present for this ver- 
sion; instead there is a temporary register TMP and a new C register, 
used as accumulator. 

This version does not access the memory correctly, as some previous 
version do; this fact is evidenced by a lot of warning produced by the 
TKGate simulation. The next version "E" has a different memory 
management, with a new MDR register, but it is very slow compared 
with the current version. 



Attachments 


Description 


attachments/xcpu/xcpu-d. v 


TKGate Verilog netlist source file. 


attachments/xcpu/xcpu-d.gm 


TKGate microcode and 
macrocode source file. 


attachments/xcpu/xcpu-d- 
terminal.vpd.tcl 


TCL/Tk script related to the termi- 
nal module TTY. 
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Figure 12.2. Simple CPU, version "D": two data-busses and an 
accumulator register. 
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12.1 General purpose registers 

The registers are made in a similar way as the previous version, 
but internally there are new modules that can be incremented or 
decremented without restrictions, before or after reading the register. 
There are two types of registers: the following figure shows the two 
external layouts. 

Figure 12.3. 16-bit registers: external appearance. 
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Figure 12.4. 16-bit registers: internal structure. 
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The C and 7*X registers are made with a slightly different module, 
where the "B" bus connection is named alu and it is only able to 
receive data. 
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Figure 12.5. Alternative 16-bit registers structure. 
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The control line C 4 {byte selection) should be zero when C 5 (rank) 
is equal to one (16-bit size); otherwise, it is used to select the byte: 
when writing to the bus, the selected byte from the register is written 
to the bus (to the lower bus side); when reading from the bus, the 
lower byte from the bus is stored to the selected register byte. The 
following sections show the modules responsible for the bit- size re- 
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duction and the byte selection. 

12.1.1 Module "RANK" 

Figure 12.6. Bit-size reduction module: the module RANK and 
its submodules. 
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12.1.2 Modules vv D_select" and "Q_select" 

The incoming byte selection module (D_s elect), when Byte is equal 
to zero, does not change the output, so that Do is equal to Di. When 
Byte is equal to one, the low input byte is replicated to the high 
output byte; that is: Do is equal to Di 7:0 -2*+Di 7:0 . This alteration is 
used only to copy the byte received from the bus to the selected 
position inside the register. 

The outgoing byte selection (module Qjselect) is used to select from 
the register a byte to be written to the data-bus. When Byte is equal 
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to zero, there is no change to the output. When Byte is equal to one, 
the byte Di 15:8 is copied to the byte Do 7:0 (Do = Di 15:8 -2 S +Di 15:8 ). 
The module RANK does the rest of the work, cleaning the most 
significant byte or setting it if the value is negative and it is to be 
treated as a signed value. 

Figure 12.7. Left side: incoming byte selection. Right side: out- 
going byte selection. 
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The most important module inside the general purpose register is 
VR8 (versatile register), which is a 8-bit data register, shown inside 
the figures of the following section. 

12.2 Module "VRw" 

The module VRn is w-bit register that allows to add a value, positive 
or negative, before reading the register or after reading it. In partic- 
ular, if the value is added before reading, the register might not be 
updated with it, when the clock signal reaches the edge. 
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Figure 12.8. Module VR8: how it works. 
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Ck clock signal (positive edge) 



C 0-> clear: set output to 00000000 



P 0 => preset: set output to 11111111 

It all starts from module VR1 which is made of a D flip-flop and two 
full adders, as shown in the following figure. 
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Figure 12.9. Module VR1. 
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Two modules VR1 make a module VR2 ; two modules VR2 make a 
module VR4 and so on. 
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Figure 12.10. Modules VR2 and VR4 
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12.3 Module "RAM" 

The module RAM is similar to the previous version of the project. 
In particular, there is now the ability to receive an address from the 
TMP register and, when the memory is written, there are two added 
D latches (modules DH8) which hold the data read from the bus. 



« 
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Figure 12.11. The RAM module. 
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Modules DHn are the same as the previous version, starting from a 
controlled NAND SR latch, which becomes a D latch, as the follow- 
ing figure shows. 
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Figure 12.12. The steps from the SR latch to the DH4 module. 
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12.4 Module "ALU" and related submodules 

The module ALU, is similar to the previous version; the most im- 
portant difference is that there is a single set of ALU status flags: 
carry, zero, negative, overflow. The ALU module contains the same 
module RANK already seen inside the general purpose registers. 

Figure 12.13. Module ALU. 



CO: sign 

C1 : rank: 0=8bit, 1=16bit 

C[8:6]=0: LOGIC 
C[8:6]=1:ADD, SUB 
C[8:6]=2: SHIFT, ROTATE CARRY 
C[8:6]=3: ROTATE 
C[8:6]=4: FLAG SET- RESET 



LOGIC 

C[4:2]=0: 
C[4:2]=1: 
C[4:2]=2: 
C[4:2]=3: 
C[4:2]=4: 
C[4:2]=5: 
C[4:2]=6: 
C[4:2]=7: 



q = a 

q = a AND B 
q=aORb 
q = a XOR b 
q = NOT (a XOR b) 
q = NOT (a OR b) 
q = NOT (a AND b) 
q = NOT a 



ADD, SUB 
C2: subtract 
C3: use previous carry 

SHIFT 

C2: shift right 
C3: arithmetic shift 
C4: use previous carry 

ROTATE 
C2: rotate right 

FLAG SET-RESET 
C5=0; selected flag reset 
C5=1 ; selected flag activation 
C[4:2]=0: carry 
C[4:2]=1:zero 
C[4:2]=2: negative 
C[4:2]=3: overflow 
C[4:2]=4: interrupt enable 
C[4:2]=5: not used 
C[4:2]=6: not used 
C[4:2]=7: not used 




The other components inside the ALU module are just the same as 
the previous version. 
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Figure 12.14. Module LOGIC: the logic unit. 



C=0: q = a 
C=1:q = aAND B 
C=2: q = a OR b 
C=3: q = a XOR b 
C=4: q - NOT (a XOR b) 
C=5: q - NOT (a OR b) 
C=6: q - NOT (a AND b) 
C=7: q = NOT a 
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Figure 12.15. Module AS: addition and subtraction 
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Figure 12.16. Modules FAn : w-bit full adder. 
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Figure 12.17. Module SH : bit shift. 
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Figure 12.18. Module ROT: bit rotation. 




The modules SHn are one-bit logic or arithmetic shifter. It all starts 
from module SHI, as the following figure shows. 
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Figure 12.19. Module SHn : one-bit logic or arithmetic shift. 
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Figure 12.20. Module FSR : flags set-reset. 
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12.5 Module "BUS' 



The module BUS is used to let the control unit put a value inside 
the data-bus. This module BUS is almost the same as the previous 
version: only the connection names to the bus are changed and the 
control line used to select the destination bus. 

Figure 12.21. Module BUS. 
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12.6 Module "IRQ" 

« 

The IRQ module is just the same as the previous version, but here is 
connected to the A data-bus. All the details about the module func- 
tionality should be found at the previous version description. 
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Figure 12.22. Module IRQ 
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12.7 Modules "Dn" 

« 

The modules Dn are D flip-flops, in parallel, as the following figure 
shows. 
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Figure 12.23. Building Dn modules. 
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12.8 Module "IVT" 

The IVT module is just the same as the previous version, but here is 
connected to the A data-bus. All the details about the module func- 
tionality should be found at the previous version description. 

Figure 12.24. Module IVT. 
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12.8.1 Module vx DRw" 

The modules IRQ and IVT use modules DRn, which are w-bit data 
registers. 
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Figure 12.25. Building DRn modules. 
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12.9 Module "RTC": real time clock 

The RTC module {real time clock) is just the same as the previous 
version: it generates a 1 Hz impulse, producing the hardware inter- 
rupt IRQO. All the details about the module functionality should be 
found at the previous version description. 



Listing 12.26. Module RTC: Verilog declaration. 



module RTC (T) ; 




output T; 




reg p; 




always 




begin 




P = 0; 




$tkg$wait 


(500) ; 


p = 1; 




$tkg$wait 


(500) ; 


end 




assign T = p; 




endmodule 
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12.10 Module XX TTY' 



The TTY module is just the same as the previous version: it is a 
textual screen-keyboard terminal interface. All the details about the 
module functionality should be found at the previous version de- 
scription. 

Figure 12.27. Module TTY . 



Only the first 8 bits are read 
from the I/O device address. 
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Listing 12.28. Module terminal: Verilog code. 



module terminal (K_DATA, 


K_REQ, K_ACK, S_DATA, 




S_REQ, 


S_ACK, CLR) ; 


output K_ACK; 






output S_ACK; 






output [7:0] K_ 


DATA; 




input [7:0] S_DATA; 




input K_REQ; 






input S_REQ; 






input CLR; 






reg k_ready; 






reg [7:0] key; 

_) \- -i _L f 






reg s_ready; 






initial 






begin 






k_ready = 


0; 




s_ready = 


0; 




key = 0 ; 






end 






always 






begin 






@ (posedge 


CLR) 




k_ready = 


0; 




s_ready = 


0; 




key = 0 ; 






end 
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initial $tkg$post ("TERMINAL", "%m") ; 

always 
begin 

@ (po sedge K_REQ) ; 

# 5; 

key = $tkg$recv ("%m.KD") ; 

# 5; 

k_ready = l'bl; 

# 5; 

@ (negedge K_REQ) ; 

# 5; 

k_ready = 1'bO; 
end 

always 
begin 

@ (posedge S_REQ) ; 

# 5; 

$tkg$ send ( " %m . SD " , S_DATA) ; 

# 5; 

s_ready = l'bl; 

# 5; 

@ (negedge S_REQ) ; 

# 5; 

s_ready = 1'bO; 
end 

assign S_ACK = s_ready; 



816 



Version "D" 



assign K_DATA = key; 
assign K_ACK = k_ready; 

endmodule 



Listing 12.29. File 'share/tkgate/vpd/terminal .tcl' for 
TCL interface. 

image create bitmap txtcurs -file "$bd/txtcurs .b" 

VPD :: register TERMINAL 
VPD::allow TERMINAL :: post 
VPD:: allow TERMINAL :: data 

namespace eval TERMINAL { 

# Public variables declarations: the variables $terminal_. . . 

# are arrays of which only the element $n is used; 

# that element identifies uniquely the working interface instance. 

variable terminal_w 
variable terminal_pos 
# 

variable KD 

# Function requested by TKGate to create the interface . 

proc post {n} { 

variable terminal_w 
variable terminal_pos 

# Create the window and save the object element in a $terminal_w array element . 

set terminal_w ($n) [ VPD : : createWindow "TERMINAL $n" -shutdowncommand "TERMINAL :: impost $n"] 

# For convenience, copy the object reference inside the local 

# variable $w; then, the variable $w will be used as a reference to the object . 

set w $terminal_w ( $n ) 

text $w.txt -state disabled 

pack $w.txt 

# Put the cursor at the end of the displayed text . 

$w.txt image create end -image txtcurs 

# Bind the keyboard input, related to the object represented by 
§ $terminal_w ($n) , to the function sendChar . 

bind $w <KeyPress> "TERMINAL :: sendChar $n \"%A\"" 

# Open a reading channel , named «SD» (screen data) , 

# and associate it to the function «data»; moreover, open a 
§ writing channel, named «KD» (keyboard data) . 

if {[info exists : :tkgate_islnitialized] } { 
VPD: :outsignal $n . KD TERMINAL :: KD ( $n) 

VPD : : insignal $n.SD -command "TERMINAL :: data $n" -format %d 

} 

# Reset the character count, used to count the characters displayed 

# on screen. 

set terminal_pos ( $n) 0 
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} 

# Function that receives the typing and put it into the 

# channel «KD», related to the current interface instance. 

proc sendChar {n key} { 
variable KD 

if { [string length $key ] == 1 } { 
binary scan $key c c 
set TERMINAL: : KD ($n) $c 

} 

} 

# Function that TKGate requires to destroy the interface. 

proc unpost {n} { 

variable terminal_w 
variable terminal_pos 
destroy $terminal_w ($n) 
destroy $terminal_pos ($n) 
unset terminal_w ( $n) 
unset terminal_pos ( $n) 

} 

# Function used to get the data to display on screen. 

proc data {n c} { 

variable terminal_w 
variable terminal_pos 

# For convenience, copy the object reference representing the 

# interface, inside the variable $w. 

set w $terminal_w ( $n) 
catch { 

# The variable $c contains the character to display. 

if { $c == 7 } { 

# BEL 

bell 
return 

} elseif { $c == 127 | $c == 8 } { 

# DEL I BS 

if { $terminal_pos ($n) > 0 } { 

# Delete the last displayed character, but only if the 

# characters counter is greater than zero, otherwise 
§ the cursor would disappear and the next characters 
§ would be located in an invisible screen area . 
$w.txt configure -state normal 

$w.txt delete "end - 3 chars" 
$w.txt see end 

$w.txt configure -state disabled 

set terrainal_pos ( $n) [expr {$terminal_pos ( $n) - l}] 

} 

return 
} elseif { $c == 13 } { 

# Convert CR to LF . 

set c 10 

} 

# Convert the character number into a visible symbol . 

set x [format %c $c] 
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# Display the symbol . 








$w.txt configure -state normal 








$w.txt insert "end - 2 chars" $x 








$w.txt see end 








$w.txt configure -state disabled 








# Update the displayed characters counter. 


} 


} 


} 


set terminal_pos ( $n) [expr {$terminal_pos ($n) + l}] 



12.11 Module "HDD" 

The HDD module is just the same as the previous version: it is a 
simulated mass-memory drive with the ability to handle eight units. 
All the details about the module functionality should be found at the 
previous version description. 
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Figure 12.30. Module HDD 



16 rzs 



|£BBBBBBBB| yh 

-)I>— O^O- 



|™BBBBBBBBp n 

hd drive — JD 1 ^ - O - 



|£JBB1BBBBP | 

hd sector > — |£^p__| y. 



|lj^BBBBBBBBU 

a » — )E> — D- 



F=D- 



2:0 3 



D DR8q 

Ck C 



L 

D DR3Q 
Ck C 



d DR16q 

Ck G 



dDRIOq 

Ck c 



D DR1 q 

Ck C 



cleai 



j p ° 
Ck JK 



819 



REQ 
DRIVE 
SECTOR 
BYTE 
WRITE 



ACK CLR DATA_OUT 



When a request is not yet satisfied, the 
value that can be read at the output is 
negative, because the most significant byte 
has all bits set to one. 



v- 



Listing 12.31. Verilog code describing the module hd. 



module hd (DRIVE, SECTOR, 


BYTE, 


WRITE, DATA_IN, 


DATA_OUT, REQ, 


ACK, 


CLR) ; 


input [2:0] DRIVE; 






input WRITE, REQ, CLR; 






input [15:0] SECTOR; 






input [9:0] BYTE; 






input [7:0] DATA_IN; 
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output [7:0] DATA_OUT; 

output ACK; 

// 

integer _data_out; 

integer _ack; 

// 

reg [7:0] buf f er [ 0 : 1 02 3 ] ; 

reg [8*24-1:0] filename = "hd0_sector_000000000 .mem" ; 
// 

integer i; 
integer sector_8; 
integer sector_7; 
integer sector_6; 
integer sector_5; 
integer sector_4; 
integer sector_3; 
integer sector_2; 
integer sector_l; 
integer sector_0; 
integer x; 
// 

initial 
begin 

for (i=0; i<1024; i=i+l) 
begin 
// 

// Initial buffer reset with 00. 

// 

buffer[i] = 8'h00; 
end 
_ack = 0; 
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_data_out = 0; 




x = 0; 




end 




* * 

// 




always 




begin 




@ (posedge CLR) 




_ack = 0; 




_data_out = 0; 




x = 0; 




end 




// 




// 




// 




always 




begin 




// 




// Start after a positive 


edge from REQ ! . 


// 




@ (posedge REQ) ; 




# 10; 




// 




// Define the sector file 


name . 


// 




x = SECTOR; 




sector_0 = x%10; 




x = x/10; 




sector_l = x%10; 




x = x/10; 




sector_2 = x%10; 




x = x/10; 
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sector_3 = 


x%10; 




x = x/10; 






sector_4 = 


x%10; 




x = x/10; 






sector_5 = 


x%10; 




x = x/10; 






sector_6 = 


x%10; 




x = x/10; 






sector_7 = 


x%10; 




x = x/10; 






sector_8 = 


x%10; 




// 






// The string starts from the right side and 


// continues to the left ! 




// 






filename [ 12 


*8+7:12*8] = sector_8 


+ 8'd48; 


filename [ 1 1 


*8+7:ll*8] = sector_7 


+ 8'ci4 8; 


f ilename [ 1 0 * 8 + 7 : 1 0 * 8 ] = sector_6 


+ 8'd48; 


filename [ 9* 


8+7:9*8] = sector_5 + 


8' d48; 


filename [ 8 * 


8+7:8*8] = sector_4 + 


8' d4 8; 


filename [ 7 * 


8+7:7*8] = sector_3 + 


8' d4 8; 


filename [ 6* 


8+7:6*8] = sector_2 + 


8' d48; 


filename [ 5 * 


8+7:5*8] = sector_l + 


8' d4 8; 


filename [ 4 * 


8+7:4*8] = sector_0 + 


8' d4 8; 


// 






filename [ 2 1 


*8+7 : 21*8] = DRIVE + £ 


' d4 8; 


// 






if (WRITE) 






begin 






// 






// Put 


data inside the buffer. 
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// 

buffer [BYTE] = DATA_IN; 
// 

// Save the buffer to disk. 

// Please remember that $wr±tememh() 

// must be enabled Inside 

// TKGate configuration! 

// 

$writememh ( filename, buffer); 
// 

// Return the same data read. 

// 

_data_out = buffer [BYTE] ; 
end 
else 
begin 
// 

// Get data from disk to the buffer. 

// 

$readmemh ( filename, buffer); 
// 

// .Return the data required. 

// 

_data_out = buffer [BYTE] ; 
end 

// 

// Acknowledge. 

// 

_ack = 1; 
// 

// Wait the end of request (the negative edge) 
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// before restarting the loop. 

// 

@ (negedge REQ) ; 
# 10; 
// 

// Now become ready again. 

// 

_ack = 0; 
end 
// 

assign DATA_0UT = _data_out; 
assign ACK = _ack; 
// 

endmodule 



12.12 Module "CTRL" 

The module CTRL is more complex than the previous version, be- 
cause the conditional jumps are now managed inside the control 
module and because that requires the ability to jump inside the mi- 
crocode execution. 
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Figure 12.32. Module CTRL 
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The microprogram counter, fiPC, is made with a module VR10, but 
connected in the way that it is incremented at every positive clock 
edge. The \iPC can load a new address when the load line is acti- 
vated, or when the jumpjtrue line is active. The microcode Jump 
line contains a microcode address to jump to, when jumpjtrue is 
active. The condition _s elect line contains a number, representing 
the condition to be checked, so that, if true, it will activate the line 
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jumpjtrue . 

Figure 12.33. Module CTRL: microcode load selection. 
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The previous figure shows the detail of the upper side, where there 
is the selection control of the microcode address to load inside the 
/jPC. The microcode address might come: 
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• from the map memory, as a translation of the opcode into mi- 
crocode address; 

• from the dip-switch containing the address of the microcode pro- 
cedure necessary to handle a hardware interrupt (IRQ); 

• from the line microcode Jump . 

When no other special conditions is present and the line load is ac- 
tive, the register jiPC loads the value obtained from the map mem- 
ory. If a hardware interrupt was previously received while hardware 
interrupts were allowed, it is stored inside the D flip-flop on the right. 
Then, when the control unit tries to load the next opcode address, it 
loads the interrupt procedure address instead. The condition jselect 
and the microcode Jump lines are controlled by the microcode: this 
way the jump that is selected is done only if the condition results 
true, otherwise, there is no jump and the register \iPC is simply in- 
cremented to the next microinstruction. 

The control unit contains also the clock generator and a frequency 
divisor, as described in the following sections. 

12.12.1 Modules T«" 

The modules Fn are frequency divisors, made with T flip-flop, as 
the following figures show. 
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Figure 12.34. Modules Dl and Tl: building a T flip-flop from a 
D flip-flop. 
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Figure 12.35. Building the Fn modules. 
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12.12.2 Module "CLK_CLR" 

The module CLK_CLR is responsible for the clock pulse generation 
and for the reset line, which is to be synchronized with the clock. The 
clock frequency may be controlled by the dip- switch at the top. It is 
important to recall that the control unit receives an inverted clock 
pulse, because the microcode data should be ready before the clock 
positive edge. 

Figure 12.36. Module CLKJCLR. 
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Figure 12.37. Module onejup, used to start the oscillation inside 
the module CLKjCLR. 

module one_up #(.W(1000)) (Z); 
output Z; 
reg Z ; 

initial 
begin 

Z = 1'bO; 

$tkg$wait (W) ; 

Z = l'bl; 
end 

endmodule 

12.13 Memory and microcode fields 

The memory for this version of the project is described by the fol- 
lowing lines of TKGate code. There are many blocks of memory 
for the microcode word, because every component connected to the 
data-bus can be controlled independently. 
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Listing 12.38. Memory banks description for TKGate. 



map 


bank 


!9:0] 


Ctrl 


. map ; 


microcode 


bank 


:31 : 


0] 


Ctrl 


. microO ; 


microcode 


bank 


;63: 


32] 


Ctrl 


. microl; 


microcode 


bank 


;95: 


64] 


Ctrl 


. micro2 ; 


microcode 


bank 


;i27 


: 96] 


Ctrl 


. micro3 ; 


microcode 


bank 


;i59 


: 128] 


Ctrl 


. micro4 ; 


microcode 


bank 


;i9i 


: 160] 


Ctrl 


. micro5 ; 


microcode 


bank 


;223 


: 192] 


Ctrl 


. micro 6 ; 


microcode 


bank 


;255 


:224] 


Ctrl 


. micro7 ; 


macrocode 


bank 


."15 : 


0] 


ram . 


ram; 



Listing 12.39. Fields of the microcode word, for TKGate. 

field Ctrl [1:0] = {nop=0, stop=l, load=2}; 

field jump[5:2] = {false=0, carry_t=l, zero_t=2, negative_t=3, 

overf low_t=4 , irq_enabled_t=5 , true=6, 
carry_f=9, zero_f=10, negat ive_f =1 1 , 
overf low_f =12 , irq_enabled_f =13 }; 

field addr[15:6] = {ciao=0}; 

// 

field ir[31:16] = {select_bus_a=0 , select_bus_b=l , bus_write=2, 

register_load_byte_l=4 , register_load_byte_2=8 , 
register_load=12 , 

select_byte_l=0 , select_byte_2=l 6, 
rank_8=0, rank_16=32, unsigned=0, signed=64, 
qpl=0x0080, qp2=0x0100, qp3=0x0180, qp4=0x0200, 
qp5=0x0280, qp6=0x0300, qp7=0x0380, qm8=0x0400, 
qm7=0x0480, qm6=0x0500, qm5=0x0580, qm4=0x0600, 
qm3=0x0680, qm2=0x0700, qml=0x0780, qup=0x0800, 
dpl=0xl000, dp2=0x2000, dp3=0x3000, dp4=0x4000, 
dp5=0x5000, dp6=0x6000, dp7=0x7000, dm8=0x8000, 
dm7=0x9000, dm6=0xA000, dm5=0xB000, dm4=0xC000, 
dm3=0xD000, dm2=0xE000, dml=0xF000 }; 

// 

field ram [37: 32] = {select_bus_a=0 , select_bus_b=l , bus_write=2, 

load=4, p=0, i=8, j=16, s=24, t=32}; 
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// 

field pc[53:38] = {select_bus_a=0 , select_bus_b=l , bus_write=2, 

register_load_byte_l=4 , register_load_byte_2=8 , 
register_load=12 , 

select_byte_l=0 , select_byte_2=l 6, 
rank_8=0, rank_16=32, unsigned=0, signed=64, 
qpl=0x0080, qp2=0x0100, qp3=0x0180, qp4=0x0200, 
qp5=0x0280, qp6=0x0300, qp7=0x0380, qm8=0x0400, 
qm7=0x0480, qm6=0x0500, qm5=0x0580, qm4=0x0600, 
qm3=0x0680, qm2=0x0700, qml=0x0780, qup=0x0800, 
dpl=0xl000, dp2=0x2000, dp3=0x3000, dp4=0x4000, 
dp5=0x5000, dp6=0x6000, dp7=0x7000, dm8=0x8000, 
dm7=0x9000, dm6=0xA000, dm5=0xB000, dm4=0xC000, 
dm3=0xD000, dm2=0xE000, dml=0xF000 }; 
field i[69:54] = {select_bus_a=0 , select_bus_b=l , bus_write=2, 

register_load_byte_l=4 , register_load_byte_2=8 , 
register_load=12 , 

select_byte_l=0 , select_byte_2=l 6, 
rank_8=0, rank_16=32, unsigned=0, signed=64, 
qpl=0x0080, qp2=0x0100, qp3=0x0180, qp4=0x0200, 
qp5=0x0280, qp6=0x0300, qp7=0x0380, qm8=0x0400, 
qm7=0x0480, qm6=0x0500, qm5=0x0580, qm4=0x0600, 
qm3=0x0680, qm2=0x0700, qml=0x0780, qup=0x0800, 
dpl=0xl000, dp2=0x2000, dp3=0x3000, dp4=0x4000, 
dp5=0x5000, dp6=0x6000, dp7=0x7000, dm8=0x8000, 
dm7=0x9000, dm6=0xA000, dm5=0xB000, dm4=0xC000, 
dm3=0xD000, dm2=0xE000, dml=0xF000 }; 
field j [85:70] = {select_bus_a=0 , select_bus_b=l , bus_write=2, 

register_load_byte_l=4 , register_load_byte_2=8 , 
register_load=12 , 

select_byte_l=0 , select_byte_2=l 6, 
rank_8=0, rank_16=32, unsigned=0, signed=64, 
qpl=0x0080, qp2=0x0100, qp3=0x0180, qp4=0x0200, 
qp5=0x0280, qp6=0x0300, qp7=0x0380, qm8=0x0400, 
qm7=0x0480, qm6=0x0500, qm5=0x0580, qm4=0x0600, 
qm3=0x0680, qm2=0x0700, qml=0x0780, qup=0x0800, 
dpl=0xl000, dp2=0x2000, dp3=0x3000, dp4=0x4000, 
dp5=0x5000, dp6=0x6000, dp7=0x7000, dm8=0x8000, 
dm7=0x9000, dm6=0xA000, dm5=0xB000, dm4=0xC000, 
dm3=0xD000, dm2=0xE000, dml=0xF000 }; 
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field sp[101:86] = {select_bus_a=0 , select_bus_b=l , bus_write=2, 

register_load_byte_l=4 , register_load_byte_2=8 , 
register_load=12 , 

select_byte_l=0 , select_byte_2=l 6, 
rank_8=0, rank_16=32, unsigned=0, signed=64, 
qpl=0x0080, qp2=0x0100, qp3=0x0180, qp4=0x0200, 
qp5=0x0280, qp6=0x0300, qp7=0x0380, qm8=0x0400, 
qm7=0x0480, qm6=0x0500, qm5=0x0580, qm4=0x0600, 
qm3=0x0680, qm2=0x0700, qml=0x0780, qup=0x0800, 
dpl=0xl000, dp2=0x2000, dp3=0x3000, dp4=0x4000, 
dp5=0x5000, dp6=0x6000, dp7=0x7000, dm8=0x8000, 
dm7=0x9000, dm6=0xA000, dm5=0xB000, dm4=0xC000, 
dm3=0xD000, dm2=0xE000, dml=0xF000 }; 
field tmp [ 117 : 102 ] = {select_bus_a=0 , select_bus_b=l , bus_write=2, 

register_load_byte_l=4 , register_load_byte_2=8 , 
register_load=12 , 

select_byte_l=0 , select_byte_2=l 6, 
rank_8=0, rank_16=32, unsigned=0, signed=64, 
qpl=0x0080, qp2=0x0100, qp3=0x0180, qp4=0x0200, 
qp5=0x0280, qp6=0x0300, qp7=0x0380, qm8=0x0400, 
qm7=0x0480, qm6=0x0500, qm5=0x0580, qm4=0x0600, 
qm3=0x0680, qm2=0x0700, qml=0x0780, qup=0x0800, 
dpl=0xl000, dp2=0x2000, dp3=0x3000, dp4=0x4000, 
dp5=0x5000, dp6=0x6000, dp7=0x7000, dm8=0x8000, 
dm7=0x9000, dm6=0xA000, dm5=0xB000, dm4=0xC000, 
dm3=0xD000, dm2=0xE000, dml=0xF000 }; 
field fl [133:118] = {select_bus_a=0 , select_bus_b=l , bus_write=2, 

register_load_byte_l=4 , register_load_byte_2=8 , 
register_load=12 , 

select_byte_l=0 , select_byte_2=l 6, 
rank_8=0, rank_16=32, unsigned=0, signed=64, 
qpl=0x0080, qp2=0x0100, qp3=0x0180, qp4=0x0200, 
qp5=0x0280, qp6=0x0300, qp7=0x0380, qm8=0x0400, 
qm7=0x0480, qm6=0x0500, qm5=0x0580, qm4=0x0600, 
qm3=0x0680, qm2=0x0700, qml=0x0780, qup=0x0800, 
dpl=0xl000, dp2=0x2000, dp3=0x3000, dp4=0x4000, 
dp5=0x5000, dp6=0x6000, dp7=0x7000, dm8=0x8000, 
dm7=0x9000, dm6=0xA000, dm5=0xB000, dm4=0xC000, 
dm3=0xD000, dm2=0xE000, dml=0xF000 }; 
field c[ 14 9: 134] = {select_bus_a=0 , select_bus_b=l , bus_write=2, 
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register_load_byte_l=4 , register_load_byte_2=8 , 








register_load=12 , 








select_byte 


_1=0, select_byte_2=l 6, 








rank_8=0, rank_16=32, unsigned=0, signed=64, 








qpl=0x0080, 


qp2=0x0100, qp3=0x0180, qp4=0x0200, 








qp5=0x0280, 


qp6=0x0300, qp7=0x0380, qm8=0x0400, 








qm7=0x0480, 


qm6=0x0500, qm5=0x0580, qm4=0x0600, 








qm3=0x0680, 


qm2=0x0700, qml=0x0780, qup=0x0800, 








dpl=0xl000, 


dp2=0x2000, dp3=0x3000, dp4=0x4000, 








dp5=0x5000, 


dp6=0x6000, dp7=0x7000, dm8=0x8000, 








dm7=0x9000, 


dm6=0xA000, dm5=0xB000, dm4=0xC000, 








dm3=0xD000, 


dm2=0xE000, dml=0xF000 }; 


// 










field 


alu [158 : 150] 


= {unsigned=0, 


signed=l, rank_8=0, rank_16=2, 








a=0, and=4, 


or=8, xor=12, 








nxor=16, nor=20, nand=24, not=28, 








add=64, sub 


=68, addc=72, subb=76, 








lshl=128, lshr=132, ashl=136, ashr=140, 








rotcl=144, 


rotcr=148, 








rotl=192, rotr=196, 








clearc=256, 


clearz=260, clearn=264, 








clearo=2 68 , 


cleari=272 , 








setc=288, setz=292, setn=296, 








seto=300, seti=304}; 


// 










field 


a [174 


159] 


= {select_bus_ 


a=0, select_bus_b=l , bus_write=2, 








register_load_byte_l=4 , register_load_byte_2=8 , 








register_load=12 , 








select_byte 


_1=0, select_byte_2=l 6, 








rank_8=0, rank_16=32, unsigned=0, signed=64, 








qpl=0x0080, 


qp2=0x0100, qp3=0x0180, qp4=0x0200, 








qp5=0x0280, 


qp6=0x0300, qp7=0x0380, qm8=0x0400, 








qm7=0x0480, 


qm6=0x0500, qm5=0x0580, qm4=0x0600, 








qm3=0x0680, 


qm2=0x0700, qml=0x0780, qup=0x0800, 








dpl=0xl000, 


dp2=0x2000, dp3=0x3000, dp4=0x4000, 








dp5=0x5000, 


dp6=0x6000, dp7=0x7000, dm8=0x8000, 








dm7=0x9000, 


dm6=0xA000, dm5=0xB000, dm4=0xC000, 








dm3=0xD000, 


dm2=0xE000, dml=0xF000 }; 


field 


b [190 


175] 


= {select_bus_ 


a=0, select_bus_b=l , bus_write=2, 








register_load_byte_l=4 , register_load_byte_2=8 , 
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register_load=12 , 








select_byte 


_1=0, select_byte_2=l 6, 








rank_8=0, rank_16=32, unsigned=0, signed=64, 








qpl=0x0080, 


qp2=0x0100, qp3=0x0180, qp4=0x0200, 








qp5=0x0280, 


qp6=0x0300, qp7=0x0380, qm8=0x0400, 








qm7=0x0480, 


qm6=0x0500, qm5=0x0580, qm4=0x0600, 








qm3=0x0680, 


qm2=0x0700, qml=0x0780, qup=0x0800, 








dpl=0xl000, 


dp2=0x2000, dp3=0x3000, dp4=0x4000, 








dp5=0x5000, 


dp6=0x6000, dp7=0x7000, dm8=0x8000, 








dm7=0x9000, 


dm6=0xA000, dm5=0xB000, dm4=0xC000, 








dm3=0xD000, 


dm2=0xE000, dml=0xF000 }; 


field 


bp [ 2 0 6 : 


191] 


= {select_bus_ 


a=0, select_bus_b=l , bus_write=2, 








register_load_byte_l=4 , register_load_byte_2=8 , 








register_load=12 , 








select_byte 


_1=0, select_byte_2=l 6, 








rank_8=0, rank_16=32, unsigned=0, signed=64, 








qpl=0x0080, 


qp2=0x0100, qp3=0x0180, qp4=0x0200, 








qp5=0x0280, 


qp6=0x0300, qp7=0x0380, qm8=0x0400, 








qm7=0x0480, 


qm6=0x0500, qm5=0x0580, qm4=0x0600, 








qm3=0x0680, 


qm2=0x0700, qml=0x0780, qup=0x0800, 








dpl=0xl000, 


dp2=0x2000, dp3=0x3000, dp4=0x4000, 








dp5=0x5000, 


dp6=0x6000, dp7=0x7000, dm8=0x8000, 








dm7=0x9000, 


dm6=0xA000, dm5=0xB000, dm4=0xC000, 








dm3=0xD000, 


dm2=0xE000, dml=0xF000 }; 


// 










field 


bus [224 


: 207] 


= {bw=0xl0000, 


select_bus_a=0 , select_bus_b= 0x20 00 0}; 


// 










field 


ioa [240 


: 225] 


= {select_bus_ 


a=0, select_bus_b=l , bus_write=2, 








register_load_byte_l=4 , register_load_byte_2=8 , 








register_load=12 , 








select_byte 


_1=0, select_byte_2=l 6, 








rank_8=0, rank_16=32, unsigned=0, signed=64, 








pl=128, p2= 


256, p3=384, p4=512, 








p5=640, p6= 


768, p7=896, 








m8=1024, m7 


=1152, m6=1280, m5=1480, m4=1536, 








m3=1664, m2 


=1792, ml=1920, update=2048}; 


// 










field 


ivt [243 


: 241] 


= {bus_wr it e=l , ivt_load=2, 








select_int_ 


a=0, select_int_b=4}; 


// 
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field 


irq[246 


:244] 


= {bus_wr it e=l , irq_mask_load=2 , irq_ 


done=4); 


// 










field 


ioc [250 


: 247] 


= {load=l, bus_write=2, req=4, isack= 


=8}; 



12.14 Opcodes 

Only eight bits are used for the opcodes and all the available combi- 
nations are specified. The following table shows the opcode organi- 
zation. 

Table 12.40. Opcodes. 



0x60 
0x68 
0x70 
0x78 
0x80 
0x81 
0x82 
0x84 
0x86 
0x88 



0x00 


00 


0x40 


010000. . 


0x44 


010001. . 


0x48 


010010. . 


0x4C 


0100110. 


0x4E 


0100111. 


0x50 


010100. . 


0x54 


010101. . 


0x58 


010110. . 


0x5C 


0101110. 


0x5E 


0101111. 



01100. . . 
01101. . . 
OHIO. . . 
01111. . . 

10000000 
10000001 
1000001. 
1000010. 
1000011. 
1000100. 



byteO 



byte 1 



byte 2 



b7 


b6 


b5 


b4 


b3 


b2 


b1 


bO 




cp % % 


% 


% 


cp n % 


A, B, I, J 


const16 


cp (%) % 


(I, J) 


A, B 




cp % (%) 


A, B 


(I, J) 


cp n (%) 


(I, J) 


const16 


cp (%) (%) 


(I, J) 






cp8 n % 


A, B, I, J 


const8 




cp8 (%) % 


(I, J) 


A, B 






cp8 % (%) 


A, B 


(I, J) 


cp8 n (%) 


(I, J) 


const8 




cp8 (%) (%) 


(I, J) 






byteO 


byte 1 byte 2 


b7 


b6 


b5 


b4 


b3 


b2 


b1 


bO 




push % 


% 


push8 % 


% 


pop % 


% 


pop8 % 


% 


push n 


const16 


push8 n 


const8 




push (%) 


(I, J) 






push8 (%) 


(I, J) 




pop (%) 


(I, J) 


pop8 (%) 


(I, J) 



byte 3 



byte 3 
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byte 0 byte 1 byte 2 byte 3 







b7 


b6 


b5 


b4 


b3 


b2 


b1 


bO 




0x90 


10010. . . 


jump%flag 0|1 #ref 


%flag 


TRUE 


#ref 


0x98 


1001100. 


equal, not 


NOT 




0x9A 


1001101. 


and 


NOT 




0x9C 


1001110. 


or 


NOT 




0x9E 


1001111. 


xor 


NOT 




OxAO 


1010000. 


add, sub 


sub 




0xA2 


1010001. 


addc, subb 


sub 




0xA4 


1010010. 


Ish 


right 




0xA6 


1010011. 


ash 


right 




0xA8 


1010100. 


rote 


right 




OxAA 


1010101. 


rot 


right 





byteO 



Ox AC 
OxAE 
OxBO 
0xB2 
0xB4 
0xB6 
0xB8 



1010110. 
1010111. 
1011000. 
1011001. 
1011010. 
1011011. 
101110. . 



b7 b6 b5 b4 b3 b2 


b1 


bO 


add8, sub8 


sub 


add8c, sub8b 


sub 


Ish8 


right 


ash8 


right 


rot8c 


right 


rot8 


right 


cast 


sign 


A, B 



byte 1 



byte 2 



byte 3 



byteO 



OxBC 
OxBE 
OxCO 
0xC2 
0xC4 
0xC6 
0xC8 
OxCA 
OxCC 
OxCE 



1011110. 
1011111. 
1100000. 
1100001. 
1100010. 
1100011. 
1100100. 
1100101. 
1100110. 
1100111. 



b7 b6 b5 b4 b3 b2 b1 


bO 


equals, nots 


NOT 


ands 


NOT 


ors 


NOT 


xors 


NOT 


adds, subs 


sub 


addes, subbs 


sub 


Ishls, Ishrs 


right 


ashls, ashrs 


right 


rotcls, rotcrs 


right 


rotls, rotrs 


right 



byte 1 



byte 2 



byte 3 



OxDO 
0xD2 
0xD4 
0xD6 
0xD8 
OxDA 
OxDC 



1101000. 
1101001. 
1101010. 
1101011. 
1101100. 
1101101. 
1101110. 



byte 0 



b7 b6 b5 b4 b3 b2 b1 


bO 


add8s, sub8s 


sub 


add8cs, sub8bs 


sub 


Ish8ls, Ish8rs 


right 


ash8ls, ash8rs 


right 


rot8cls, rot8crs 


right 


rot8ls, rot8rs 


right 


casts 


sign 



byte 1 



byte 2 



byte 3 
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OxDE 


t 1 m 1 1 1 n 


OxDF 


11U11111 


OxEO 


i "i i r\ r\ r\ r\ r\ 
lliUUUUU 


OxEl 


iliUUUUl 


0xE2 


iiinnnin 
iliUUUlU 


0xE3 


11 11) UU1 1 


0xE4 


11 IL) U1U . 


0xE6 


1 1 1U U 1 1 . 


0xE8 


11 1U 1UU . 




i i i ni ni 

111U1U1 . 


OxEC 


mono. 


OxEE 


1110111. 


OxFO 


11110000 


OxFl 


11110001 



byte 0 


byte 1 byte 2 


byte 3 


b7 b6 b5 b4 b3 b2 b1 


bO 






call 


#ref 


return 






int 


int 




iret 






imrl 


mask 




ivtl 


#ref 


flag_iO|1 


set 




flag_c 0|1 


set 






in n % 


A, B 


port 




in n (%) 


(I, J) 


port 


out % n 


A, B 


port 


out (%) n 


(I.J) 


port 


if_ackjump 


port 


#ref 


if ack call 


port 


#ref 



0xF2 


1111001. 


0xF4 


1111010. 


0xF6 


1111011. 


0xF8 


1111100. 


Ox FA 


1111101. 


OxFC 


1111110. 


OxFE 


11111110 


OxFF 


11111111 



byte 0 



byte 1 



byte 2 



b7 b6 b5 b4 b3 b2 b1 


bO 




cmpr, testr 


test 


cmpi, testi 


test 


cmps, tests 


test 


cmp8i, test8i 


test 


cmp8s, test8s 


test 


call (%) 


I, J 


jump 


#ref | 


stop 





byte 3 



Table 12.41. Macrocode syntax. 



Macrocode syntax 


Description 


nop 


Not operate. 


cp %src , %dst 


Copy the src register content in- 
side the dst register. Allowed reg- 
isters are: I,J,A,B, BP, SP, C, 
FL. 


cp nl6 , %dst 


Assign a 16-bit constant to a reg- 
ister. Allowed destination registers 
are: /, J, A, B. 


cp (%I %J) , %A %B 


Assign to register A or B the 16- 
bit value contained in memory at 
the address already available from 
register I or J. 



Version "D" 



839 



Macrocode syntax 


Description 


Cp ^>i-i pi ^u) 


Copy in memory the 16-bit value 
of register A or 5, to the location 
represented by the register I or J. 


cp «76, (%I 


%J) 


Assign in memory the 16-bit con- 
stant, to the location represented 
by the register I or J. 


cp (%I) 


Copy the 16-bit memory content at 
the address represented by register 
7, to the memory location repre- 
sented by the register /. 


cp (%J) 


Copy the 16-bit memory content at 
the address represented by register 
/, to the memory location repre- 
sented by the register /. 


cp8 «#, 


Assign a 8-bit constant to a reg- 
ister. Allowed destination registers 
are: 7, /, A, B. 


cp8 (%I %J) , %A %B 


Assign to register A or B the 8-bit 
value contained in memory at the 

ii i i "iiij? 

address already available Irom reg- 
ister I or J. 


cp8 %A %B, (%I %J) 


Copy in memory the 8 -bit value of 
register A or /> , to me location rep- 
resented by the register I or J. 


cp8 n8 r (%I 


%J) 


Assign in memory the 8-bit con- 
stant, to me location represented 
by the register I or J. 


cp8 (%I) 


Copy the 8-bit memory content at 
the address represented by register 
l , 10 me memory locauon repre- 
sented by the register /. 
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Macrocode syntax 


Description 


cp8 (%J) 


Copy the 8-bit memory content at 
the address represented by register 
J, to the memory location repre- 
sented by the register /. 


push reg 


Push at the top of the stack the 16- 
bit value contained inside the reg- 
ister. 


pop reg 


Pnn from trip ct^plr c\ 1 ^»-hit valnp 

JT VJ U 11VJ111 Lilt SLaVJV a 1U Ull VdlU-C 

that is then assigned to the register. 


push 8 reg 


Push at the top of the stack the 8- 
bit value contained inside the reg- 
ister. 


pop 8 reg 


Pnn from trip QtapV z\ 8 -hit valnp 

1 VJ 1J 11VJ111 lllt^ kDldVJv d O Ull ValUt 

that is then assigned to the register. 


push nl6 


rusn ai me lop oi me siacK me 10- 
bit constant. 


push n8 


r usn ai me top oi me siacK me o- 
bit constant. 


push (%I %J) 


Push at the top of the stack the 16- 
bit value contained in memory, at 
the location represented by register 
/ or/. 


push (%I %J) 


Push at the top of the stack the 16- 
bit value contained in memory, at 
the location represented by register 
/ or J. 


push8 (%I %J) 


Push at the top of the stack the 8- 
bit value contained in memory, at 

. i i A • A ii A 

the location represented by register 
/ or J. 
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Macrocode syntax 


Description 


pop (%I %J) 


Pop from the top of the stack a 
16-bit value that is then copied at 
the memory location represented 
by register I or J. 


pop8 (%I %J) 


Pop from the top of the stack a 
8 -bit value that is then copied at 
the memory location represented 
by register I or J. 


jump 


Jump to the address specified. 


jump %carry | %borrow^ 

^ | %zero | %negative^ 
:—> | ^overflow, ^ 

U -L ^ Iff C/ 


Conditional jump. The first argu- 
ment is a pseudo-register that se- 
lects the flag; the second argu- 
ment means the value that the flag 
should have; the third argument is 
the address where the jump should 
go if the condition is met. 


equal 


C <— A, updating the flags status 


not 


i a ^ A 1 1 Y\r\ ctt\ n ct trip flfiO'C ctfitnc 

(one's complement). 


and 


C <— A & B, updating the flags. 


nand 


C < — -(A & B), updating the flags. 


or 


C <— A 1 B, updating the flags. 


nor 


C < — -(A 1 B), updating the flags. 
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Macrocode syntax 


Description 


xor 


C <— A A B, updating the flags. 


nxor 


C <— ~(A A B), updating the flags. 


add 


c i — /!+/>, upoaung me nags, 10- 
bit. 


sub 


c •< — /i a , upoating me nags, 10- 
bit. 


addc 


y A _i_ _i_ ram? nnrlfitiTiO' flip 

> /i. T MJ i CdllV, U.Ul_ldllll£d Lilt 

flags, 16-bit. 


subb 


y A /? hnrrnw nnH otitic thp 

\^ ^ /l A* UVJ11VJW, U-ULidLLllii LI 

flags, 16-bit. 


lshl 


^ A<?<?\ linrtatin cx thp flacx**" 

^ I \ 1 , U-ULidLLllii Lilt lldiikD. 

logic shift left, 16-bit. 


lshr 


i /d^^l linrtatincx thp flacx**" 

^ i \ ^ ^ 1 , LAULldLlllii Lilt lldiitD. 

logic shift right, 16-bit. 


ashl 


y, /lsssl, UjJLldLlllg, Lilt lldgo. 

arithmetic shift left, 16-bit. 


ashr 


A ^l^^i^il llT^HfltlTlO' tllP flfJCC 

^ f*. 1 , LAUCldLlllii Lilt lldiiS. 

arithmetic shift right, 16-bit. 


rotcl 


y rntplf ,4 ^ nnHfttincT flip flfjcc 

^ IVJLtl^-ri. ^, U-ULldLlllg, Lilt lldiiS. 

rotation left with carry, 16-bit. 


rotcr 


2 mtcrf A \ linrtatincx thp fl^icr**' 

^ IVJLtl^zi. ^, lAUCldLlllsi Lilt lldiitD. 

rotation right with carry, 16-bit. 


rotl 


4 linHatincr thp flacx** 

" 1 V 7 L 1 ^ /l J , LllJUdLlllii LI 1^ 1 1 CI o . 

rotation left, 16-bit. 
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Macrocode syntax 


Description 


rotr 


4 yc\\y( A \ nnHfifin cr fhp flficrQ' 

rotation right, 16-bit. 


add8 


c — /i+/>, upciaimg me nags, o- 
bit. 


sub8 


c i — upciaimg me nags, o- 
bit. 


add8c 


I a A _l J& _l r'«ar , r , \/ lmrlfifincr trip 

> T A* T CdllV, LiUCidLLllii Lilt 

flags, 8-bit. 


sub8b 


a A f$ hnrrnw lmrlfifincr flip 

^ r\. MJ UVJ11UW, LiUCldllllid Lilt 

flags, 8-bit. 


lsh81 


a A<?<?\ nnHfifincr fhp flacTQ* 

^ /l 1 , LiULldLlllii Lilt lldiikD. 

logic shift left, 8 -bit. 


lsh8r 


a /l^^l linrtafincr flip fl^crc* 

^ /l ^ 1 , LiULldLlllii Lilt lldiikD. 

logic shift right, 8 -bit. 


ash81 


a A ******\ 1 1 v\c\ cif 1 n rr flip fi'mc 

^ /Isssl, UpUdLlllg Lilt lldgo. 

arithmetic shift left, 8 -bit. 


ash8r 


a A ^^^l linHflfincr fhp flacr*** 

^ ****** 1 , LiUddLlllii Lilt lldiikD. 

arithmetic shift right, 8 -bit. 


rot 8cl 


a rnfRplf A \ lmrlfifincr flip fl^crc 

K* \ IVJLOtl^-rX ^, LiUCldLlllii Lilt lldiiS. 

rotation left with carry, 8 -bit. 


rot 8cr 


a mtRorf A \ lmH u finer flip flftcrc 

^ IVJLOtl^-ri. ^, LiUCldLlllii Lilt lldiiS. 

rotation right with carry, 8 -bit. 


rot81 


A iT*f81f A ^ nnHnfinfr flip fl^rrc* 

lULOl^/i. J, UpLldLlllg, Lilt lldgo. 

rotation left, 8 -bit. 


rot 8r 


a — rotSrf /4 ^ lmHatinp thp flaps' 
rotation right, 8 -bit. 
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Macrocode syntax 



Description 



cast 0 1 %A %B 



Adapt the register value to 8-bit, 
unsigned or signed, depending on 
the first argument. 



equals 



Read the 16-bit value on top of the 
stack and update the flags. 



nots 



Read the 16-bit value on top of the 
stack and replace it with the one's 
complement, updating the flags. 



ands 



Pop two 16-bit values from the top 
of the stack and push the bitwise 
AND of them, updating the flags, 
the registers A and B are overwrit- 
ten. 



nands 



ors 



Pop two 16-bit values from the top 
of the stack and push the bitwise 
NAND of them, updating the flags, 
the registers A and B are overwrit- 
ten^ 

Pop two 16-bit values from the top 
of the stack and push the bitwise 
OR of them, updating the flags, the 
registers A and B are overwritten. 



nors 



Pop two 16-bit values from the top 
of the stack and push the bitwise 
NOR of them, updating the flags, 
the registers A and B are overwrit- 
ten. 



Version "D" 



845 



Macrocode syntax 



Description 



xors 



Pop two 16-bit values from the top 
of the stack and push the bitwise 
XOR of them, updating the flags, 
the registers A and B are overwrit- 
ten. 



nxors 



Pop two 16-bit values from the top 
of the stack and push the bitwise 
NXOR of them, updating the flags, 
the registers A and B are overwrit- 
ten. 



adds 



subs 



Pop two 16-bit values from the top 
of the stack and push the sum of 
them, updating the flags. To do the 
calculation, the registers A and B 
are overwritten. 

Pop a 16-bit values from the top 
of the stack and put it inside the 
register B \ then pop another 16-bit 
value and put inside the register A ; 
then calculate A -B updating the 
flags and push the result inside the 
stack again. 



addcs 



Pop two 16-bit values from the top 
of the stack and push the sum with 
carry of them, updating the flags. 
To do the calculation, the registers 
A and B are overwritten. 
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Macrocode syntax 



Description 



subbs 



Pop a 16-bit values from the top 
of the stack and put it inside the 
register B\ then pop another 16- 
bit value and put inside the regis- 
ter A ; then calculate A -B -borrow 
updating the flags and push the re- 
sult inside the stack again. 



lshls 



Pop a 16-bit values from the top of 
the stack and push the logic shift 
left of it, updating the flags. 



lshrs 



Pop a 16-bit values from the top of 
the stack and push the logic shift 
right of it, updating the flags. 



ashls 



Pop a 16-bit values from the top of 
the stack and push the arithmetic 
shift left of it, updating the flags. 



ashrs 



rotcls 



Pop a 16-bit values from the top of 
the stack and push the arithmetic 
shift right of it, updating the flags. 
Pop a 16-bit values from the top of 
the stack and push the rotation left 
with carry of it, updating the flags. 



rotcrs 



rotls 



Pop a 16-bit values from the top 
of the stack and push the rotation 
right with carry of it, updating the 
flags. 

Pop a 16-bit values from the top of 
the stack and push the rotation left 
of it, updating the flags. 
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Macrocode syntax 



Description 



rotrs 



Pop a 16-bit values from the top 
of the stack and push the rotation 
right of it, updating the flags. 



add8s 



Pop two 8 -bit values from the top 
of the stack and push the sum of 
them, updating the flags. To do the 
calculation, the registers A and B 
are overwritten. 



sub8s 



Pop a 8 -bit values from the top of 
the stack and put it inside the reg- 
ister B\ then pop another 16-bit 
value and put inside the register A ; 
then calculate A-B updating the 
flags and push the result inside the 
stack again. 



add8cs 



Pop two 8 -bit values from the top 
of the stack and push the sum with 
carry of them, updating the flags. 
To do the calculation, the registers 
A and B are overwritten. 



sub8bs 



Pop a 8 -bit values from the top 
of the stack and put it inside the 
register B\ then pop another 16- 
bit value and put inside the regis- 
ter A ; then calculate A -Z? -borrow 
updating the flags and push the re- 
sult inside the stack again. 



Ish81s 



Pop a 8 -bit values from the top of 
the stack and push the logic shift 
left of it, updating the flags. 
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Macrocode syntax 



Description 



lsh8rs 



Pop a 8 -bit values from the top of 
the stack and push the logic shift 
right of it, updating the flags. 



ash81s 



Pop a 8 -bit values from the top of 
the stack and push the arithmetic 
shift left of it, updating the flags. 



ash8rs 



Pop a 8 -bit values from the top of 
the stack and push the arithmetic 
shift right of it, updating the flags. 



rotc81s 



Pop a 8 -bit values from the top of 
the stack and push the rotation left 
with carry of it, updating the flags. 



rotc8rs 



Pop a 8 -bit values from the top 
of the stack and push the rotation 
right with carry of it, updating the 
flags. 



rot81s 



Pop a 8 -bit values from the top of 
the stack and push the rotation left 
of it, updating the flags. 



rot 8rs 



Pop a 8 -bit values from the top 
of the stack and push the rotation 
right of it, updating the flags. 



casts 0 1 



Pop a 16-bit value from the top 
of the stack and push the same 
value, adapted to 8 -bit, unsigned 
or signed, depending on the argu- 
ment. 



call %ref 



Call the procedure that starts at the 
argument reference: the registers 
FL and PC are pushed inside the 
stack. 
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Macrocode syntax 



Description 



call (%I | % J) 



return 



Call the procedure that starts at the 
position contained inside register / 
or J: the registers FL and PC are 
pushed inside the stack. 
Return from a previous call: the 
registers PC and FL are retrieved 
from the stack. 



int n8 



Software interrupt call: the regis- 
ters FL and PC are pushed inside 
the stack. 



iret 



Return from an interrupt: the regis- 
ters PC and FL are retrieved from 
the stack. 



imrl n8 



ivtl %ref 



Load the IMR: interrupt mask reg- 
ister. 

Load the IVT: interrupt vector ta- 
ble. The argument is the interrupt 
vector table start address in mem- 
ory. 



flag_i 0 



1 



Reset or set the flag that allows the 
hardware interrupts. 



flag_c 0 1 



Reset or set the carry (borrow) 
flag. 



in n8, %A %B 



Read from the I/O address spec- 
ified, a byte that is copied inside 
register A or B . 



in n8, (%I %J) 



Read from the I/O address speci- 
fied, a byte that is copied in mem- 
ory, at the address specified by reg- 
ister I ox J. 
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Macrocode syntax 



Description 



out %A 



%B, n8 



Write to the I/O address specified, 
a byte that is read from register A 
or B. 



out (%I %J) , 



Write to the I/O address specified, 
a byte that is read from memory, at 
the address specified by register / 
or J. 



ifack_jump n8 , #ref 



ifack_call n8 , $ref 



If the I/O port gives an acknoledge 
report, then jump to the specified 
address. 

If the I/O port gives an acknoledge 
report, then call the specified pro- 
cedure. 



cmpr 



Calculate A-B, updating the flags, 
without modifying the accumula- 
tor. 



testr 



Calculate A&B (bitwise AND), 
updating the flags, without modi- 
fying the accumulator. 



cmpi 



Load A with the value contained in 
memory at the address represented 
by the register /; load B with the 
value contained in memory at the 
address represented by the regis- 
ter /; then calculate A -B, updat- 
ing the flags, without modifying 
the accumulator. 
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Macrocode syntax 



Description 



testi 



Load A with the value contained in 
memory at the address represented 
by the register /; load B with the 
value contained in memory at the 
address represented by the regis- 
ter /; then calculate A 8cB (bitwise 
AND), updating the flags, without 
modifying the accumulator. 



cmps 



Read from the top of the stack a 
16-bit value and put it inside the 
register B ; read from the stack, just 
under the previous value, a 16-bit 
value and put it inside the regis- 
ter A; then calculate A-B, updat- 
ing the flags, without modifying 
the accumulator. 



tests 



Read from the top of the stack a 
16-bit value and put it inside the 
register B ; read from the stack, just 
under the previous value, a 16-bit 
value and put it inside the regis- 
ter A; then calculate A&Z?, updat- 
ing the flags, without modifying 
the accumulator. 



cmp8r 



Calculate 8-bit A -B, updating the 
flags, without modifying the accu- 
mulator. 



test 8r 



Calculate 8-bit A&B (bitwise 
AND), updating the flags, without 
modifying the accumulator. 
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Macrocode syntax 



Description 



cmp8 i 



Load 8-bit inside A with the value 
contained in memory at the ad- 
dress represented by the register /; 
load 8-bit inside B with the value 
contained in memory at the ad- 
dress represented by the register /; 
then calculate A-B, updating the 
flags, without modifying the accu- 
mulator. 



test 8i 



Load 8-bit inside A with the value 
contained in memory at the ad- 
dress represented by the register /; 
load 8-bit inside B with the value 
contained in memory at the ad- 
dress represented by the register J ; 
then calculate A&B, updating the 
flags, without modifying the accu- 
mulator. 



cmp8s 



Read from the top of the stack a 8- 
bit value and put it inside the reg- 
ister B\ read from the stack, just 
under the previous value, a 8 -bit 
value and put it inside the regis- 
ter A; then calculate A -B, updat- 
ing the flags, without modifying 
the accumulator. 
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Macrocode syntax 


Description 


test 8s 


Read from the top of the stack a 8- 
bit value and put it inside the reg- 
ister B; read from the stack, just 
under the previous value, a 8 -bit 
value and put it inside the regis- 
ter A; then calculate A&B, updat- 
ing the flags, without modifying 
the accumulator. 


stop 


Stop the system. 



Listing 12.42. Registers, flags and opcodes encoded for TKGate. 

registers 1=0, J=l, A=2, B=3, BP=4, SP=5, C=6, FL=7; 



registers carry 

// 

op nop { 

map nop: 

operands { - 

}; 
// 

op cp { 

// 

map nop: 
map cp_i_j 
map cp_i_a 
map cp_i_b 
map cp_i_bp : 
map cp_i_sp : 
map cp_i_c : 
map cp_i_f 1 : 
map cp_ j_i : 
map nop: 



=0, borrow=0, zero=l, negative=2, overflow=3; 



0x0 0; // not operate 

{ +0=0x00; }; }; 



0x00 

0x01 

0x02 

0x03 

0x04 

0x05 

0x06 

0x07 

0x08. 

0x09; 



00 

// 00000000 
// 00000001 
// 00000010 
// 00000011 
// 00000100 
// 00000101 
// 00000110 
// 00000111 
// 00001000 
// 00001001 



cp %, % 

cp % J, %J 

cp %I, %J 

cp % J, %A 

cp %I, %B 

cp % J, %BP 

cp %I, %SP 

cp % J, %C 

cp %I, %FL 

cp %J, %I 

cp %J, %J 



= nop 



= nop 
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map 


cp_ j_a : 


OxOA; 


// 


OOOOIOIO 


= 


cp 


%J, %A 




map 


cp_ j_b : 


OxOB; 


// 


OOOOlOll 


= 


cp 


%J, %B 




map 


cp_j_bp 


OxOC; 


// 


OOOOllOO 


= 


cp 


%J, %BP 




map 


cp_j_sp 


OxOD; 


// 


OOOOllOl 


= 


cp 


%J, %SP 




map 


cp_ j_c : 


OxOE; 


// 


oooomo 


= 


cp 


%J, %c 




map 


cp_j_f 1 


OxOF; 


// 


OOOOllll 


= 


cp 


%J, %FL 




map 


cp_a_i : 


0x10; 


// 


OOOIOOOO 


= 


cp 


%A, %I 




map 


cp_a_j : 


0x11; 


// 


OOOlOOOl 


= 


cp 


%A, %J 




map 


nop : 


0x12; 


// 


OOOIOOIO 


= 


cp 


%A, %A = 


nop 


map 


cp_a_b : 


0x13; 


// 


OOOlOOll 


= 


cp 


%A, %B 




map 


cp_a_bp 


0x14; 


// 


OOOIOIOO 


= 


cp 


%A, %BP 




map 


cp_a_sp 


0x15; 


// 


OOOIOIOI 


= 


cp 


%A, %SP 




map 


cp_a_c : 


0x16; 


// 


00010110 


= 


cp 


%A, %C 




map 


cp_a_f 1 


0x17; 


// 


OOOlOlll 


= 


cp 


%A, %FL 




map 


cp_b_i : 


0x18; 


// 


OOOllOOO 


= 


cp 


%B, %I 




map 


cp_b_j : 


0x19; 


// 


OOOllOOl 


= 


cp 


%B, %J 




map 


cp_b_a : 


OxlA; 


// 


OOOllOlO 


= 


cp 


%B, %A 




map 


nop : 


OxlB; 


// 


OOOllOll 


= 


cp 


%B, %B = 


nop 


map 


cp_b_bp 


OxlC; 


// 


ooomoo 


= 


cp 


%B, %BP 




map 


cp_b_sp 


OxlD; 


// 


OOOlllOl 


= 


cp 


%B, %SP 




map 


cp_b_c : 


OxlE; 


// 


OOOllllO 


= 


cp 


%B, %C 




map 


cp_b_f 1 


OxlF; 


// 


OOOlllll 


= 


cp 


%B, %FL 




map 


cp_bp_i 


0x20; 


// 


OOIOOOOO 


= 


cp 


%BP, %I 




map 


cp_bp_j 


0x21; 


// 


OOlOOOOl 


= 


cp 


%BP, %J 




map 


cp_bp_a 


0x22; 


// 


OOIOOOIO 


= 


cp 


%BP, %A 




map 


cp_bp_b 


0x23; 


// 


OOlOOOll 


= 


cp 


%BP, %B 




map 


nop : 


0x24; 


// 


OOIOOIOO 


= 


cp 


%BP, %BP 


= nop 


map 


cp_bp_sp: 0x25; 


// 


OOIOOIOI 


= 


cp 


%BP, %SP 




map 


cp_bp_c 


0x26; 


// 


OOlOOllO 


= 


cp 


%BP, %C 


= nop 


map 


cp_bp_fl: 0x2 7; 


// 


OOlOOlll 


= 


cp 


%BP, %FL 




map 


cp_sp_i 


0x28; 


// 


OOIOIOOO 


= 


cp 


%SP, %I 




map 


cp_sp_j 


0x29; 


// 


OOIOIOOI 


= 


cp 


%SP, %J 




map 


cp_sp_a 


0x2A; 


// 


OOIOIOIO 


= 


cp 


%SP, %A 




map 


cp_sp_b 


0x2B; 


// 


OOlOlOll 


= 


cp 


%SP, %B 




map 


cp_sp_bp : 0x2C; 


// 


OOlOllOO 




cp 


%SP, %BP 




map 


nop : 


0x2D; 


// 


OOlOllOl 




cp 


%SP, %SP 


= nop 
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map 


cp_sp_c 




0x2E; 


// 


00101110 


= 


cp 


%SP, %C 




map 


cp_sp_f 1 : 


0x2F; 


// 


00101111 


= 


cp 


%SP, %FL 




map 


cp_c_i : 




0x30; 


// 


00110000 


= 


cp 


%C, %I 




map 


cp_c_j : 




0x31; 


// 


00110001 


= 


cp 


%C, %J 




map 


cp_c_a : 




0x32; 


// 


00110010 


= 


cp 


%C, %A 




map 


cp_c_b : 




0x33; 


// 


00110011 


= 


cp 


%C, %B 




map 


cp_c_bp 




0x34; 


// 


00110100 


= 


cp 


%C, %BP 




map 


cp_c_sp 




0x35; 


// 


00110101 


= 


cp 


%C, %SP 




map 


nop : 




0x36; 


// 


00110110 


= 


cp 


%c, %c 


= nop 


map 


cp_c_f 1 




0x37; 


// 


00110111 


= 


cp 


%C, %FL 




map 


cp_f l_i 




0x38; 


// 


00111000 


= 


cp 


%FL, %I 




map 


cp_f l_j 




0x39; 


// 


00111001 


= 


cp 


%FL, %J 




map 


cp_f l_a 




0x3A; 


// 


00111010 


= 


cp 


%FL, %A 




map 


cp_f l_b 




0x3B; 


// 


00111011 


= 


cp 


%FL, %B 




map 


cp_f l_bp : 


0x3C; 


// 


00111100 


= 


cp 


%FL, %BP 




map 


cp_f l_sp : 


0x3D; 


// 


00111101 


= 


cp 


%FL, %SP 




map 


cp_f l_c 




0x3E; 


// 


00111110 


= 


cp 


%FL, %C 




map 


nop : 




0x3F; 


// 


00111111 


= 


cp 


%FL, %FL 


= nop 


// 










010000. . 


= 


cp 


#,% 




map 


cp_num_i : 


0x40; 


// 


01000000 


= 


cp 


#, %I 




map 


cp_num_j : 


0x41; 


// 


01000001 


= 


cp 


#, %J 




map 


cp_num_a : 


0x42; 


// 


01000010 


= 


cp 


#, %A 




map 


cp_num_b : 


0x43; 


// 


01000011 


= 


cp 


#, %B 




// 










010001. . 


= 


cp 


(%),% 




map 


cp_mi_a 




0x44; 


// 


01000100 


= 


cp 


(%I) , %A 




map 


cp_mi_b 




0x45; 


// 


01000101 


= 


cp 


(%D , %B 




map 


cp_m j_a 




0x46; 


// 


01000110 


= 


cp 


(%J) , %A 




map 


cp_m j_b 




0x47; 


// 


01000111 


= 


cp 


(%J) , %B 




// 










010010. . 


= 


cp 


%, %I 




map 


cp_a_mi 




0x48; 


// 


01001000 


= 


cp 


%A, (%I) 




map 


cp_a_m j 




0x49; 


// 


01001001 


= 


cp 


%A, (%J) 




map 


cp_b_mi 




0x4A; 


// 


01001010 


= 


cp 


%B, (%I) 




map 


cp_b_m j 




0x4B; 


// 


01001011 


= 


cp 


%B, (%J) 




// 










0100110. 


= 


cp 


#, (%) 




map 


cp_num_mi : 


0x4C; 


// 


01001100 




cp 


#, (%D 




map 


cp_num_mj : 


0x4D; 


// 


01001101 




cp 


#, (%J) 
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// 












0100111. 


= 


cp 


(%) 






map 


cp_mi_m j 


: 




0x4E; 


// 


01001110 


= 


cp 


(%D 






map 


cp_m j_mi 


: 




0x4F; 


// 


01001111 


= 


cp 


(%J) 






// 
























operands { 






















O, -1 O, Q 

o -L f oZ 


{ 


+ 0 


=0x00; 


+ 0 [5:3]=%1; 


+0[2:0]=%2; }; 






#1,%2 


{ 


+ 0 


=0x40; 


+ 0 [1 : 0] =%2; 


+ 1 


=#1[7:0]; +2 


=#1 [15: 


8]; }; 


(%1) , %2 = 


{ 


+ 0 


=0x44; 


+ 0 [1 : 1] =%1; 


+0[0:0]=%2; }; 






%1, (%2) = 


{ 


+ 0 


=0x48; 


+0 [1 : 1] =%1; 


+0[0:0]=%2; }; 






#1, (%2) = 


{ 


+ 0 


=0x4C; 


+0 [0 : 0] =%2; 


+ 1 


=#1[7:0]; +2 


=#1 [15: 


8]; }; 


(%D 

}; 


{ 


+ 0 


=0x4E; 


+0 [0 : 0] =%1; 


}; 










}; 

op cp8 


{ 






















// 












010100. . 


= 


cp8 


#,% 






map 


cp8_num_ 


i : 




0x50; 


// 


01010000 


= 


cp8 


#, %I 






map 


cp8_num_ 


j : 




0x51; 


// 


01010001 


= 


cp8 


#, %J 






map 


cp8_num_ 


a : 




0x52; 


// 


01010010 


= 


cp8 


#, %A 






map 


cp8_num_ 


b: 




0x53; 


// 


01010011 


= 


cp8 


#,%B 






// 












010101. . 


= 


cp8 


(%),% 






map 


cp8_mi_a 






0x54; 


// 


01010100 


= 


cp8 


(%I) , %A 






map 


cp 8_mi_b 






0x55; 


// 


01010101 


= 


cp8 


(%I) , %B 






map 


cp8_m j_a 






0x56; 


// 


01010110 


= 


cp8 


(%J) , %A 






map 


cp8_m j_b 






0x57; 


// 


01010111 


= 


cp8 


(%J) , %B 






// 












010110. . 


= 


cp8 


%, (%) 






map 


cp8_a_mi 


: 




0x58; 


// 


01011000 




cp8 


%A, (%I) 






map 


cp8_a_m j 


: 




0x59; 


// 


01011001 




cp8 


%A, (%J) 






map 


cp8_b_mi 


: 




0x5A; 


// 


01011010 




cp8 


%B, (%I) 






map 


cp8_b_m j 


: 




0x5B; 


// 


01011011 




cp8 


%B, (%J) 






// 












0101110. 




cp8 


#, (%) 






map 


cp8_num_ 


mi 




0x5C; 


// 


01011100 




cp8 


#, (%D 






map 


cp8_num_ 


mj 




0x5D; 


// 


01011101 




cp8 


#, (%J) 






// 












0101111. 




cp8 


(%) 






map 


cp8_mi_mj : 




0x5E; 


// 


01011110 




cp8 


(%D 






map 


cp8_m j_mi : 




0x5F; 


// 


01011111 




cp8 


(%J) 






// 
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operands { 












#1, %2 


= { +0=0x50 


; +0[1:0]=%2; 


+1=#1[7:0]; }; 


(%1) , %2 


= { +0=0x54 


; +0[1:1]=%1; 


+ 0 [0 : 


3]=%2; }; 


%1, (%2) 


= { +0=0x58 


; +0[1:1]=%1; 


+ 0 [0 : 


3]=%2; }; 


#1, (%2) 


= { +0=0x5C 


; +0[0:0]=%2; 


+1=#1[7:0]; }; 


(%D 

}; 


= { +0=0x5E 


; +0[0:0]=%1; 


}; 




}; 
// 














op push { 












// 








01100. . . 


= push 


g. 
S 


map 


push_i : 


0x60; 


// 


01100000 


= push 


%I 


map 


push_j : 


0x61; 


// 


01100001 


= push 


%J 


map 


push_a : 


0x62; 


// 


01100010 


= push 


%A 


map 


push_b : 


0x63; 


// 


01100011 


= push 


%B 


map 


push_bp 


: 0x64; 


// 


01100100 


= push 


%BP 


map 


push_sp 


: 0x65; 


// 


01100101 


= push 


%SP 


map 


push_c : 


0x66; 


// 


01100110 


= push 


%C 


map 


push_f 1 


: 0x67; 


// 


01100111 


= push 


%FL 


// 














map 


push_num: 0x80; 


// 


10000000 


= push 


# 


// 














map 


push_mi 


: 0x82; 


// 


10000010 


= push 




map 


push_m j 


: 0x83; 


// 


10000011 


= push 


(%J) 


// 














operands { 












%1 


= { 


+0=0x60; +0[2:0]=%1; }; 






#1 


- { 


+0=0x80; +1= 


=#1[7:0]; +2= 


#1 [15: 


3]; }; 


(%D = { 

}; 


+0=0x82; +0[0:0]=%1; }; 






}; 

op pop { 












// 








OHIO. . . 


= Pop 


% 


map 


pop_i : 


0x70; 


// 


01110000 


= Pop 


%i 


map 


pop_j : 


0x71; 


// 


01110001 


= Pop 


%J 


map 


pop_a : 


0x72; 


// 


01110010 


= Pop 


%A 
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map 


pop_b : 


0x73; 


// 


01110011 


= 


pop %B 


map 


pop_bp : 


0x74; 


// 


01110100 


= 


pop %BP 


map 


pop_sp : 


0x75; 


// 


01110101 


= 


pop %SP 


map 


pop_c : 


0x76; 


// 


01110110 


= 


pop %C 


map 


pop_f 1 : 


0x77; 


// 


01110111 


= 


pop %FL 


// 








1000011. 


= 


pop (%) 


map 


pop_mi : 


0x86; 


// 


10000110 


= 


pop (%I) 


map 


pop_mj : 


0x87; 


// 


10000111 


= 


pop (%J) 


// 
















operands { 
















- { +0= 


0x70; +0 


[2 : 0 


]=%i; }; 








(%1) = { +0= 

}; 


0x86; +0 


[0:0 


]=%i; }; 








}; 
// 
















op push8 { 














// 








01101. . . 


= 


push8 


% 


map 


push8_i : 


0x68; 


// 


01101000 


= 


push8 


%I 


map 


push8_j : 


0x69; 


// 


01101001 


= 


push8 


%J 


map 


push8_a : 


0x6A; 


// 


01101010 


= 


push8 


%A 


map 


push8_b : 


0x6B; 


// 


01101011 


= 


push8 


%B 


map 


push8_bp : 


0x6C; 


// 


01101100 


= 


push8 


%BP 


map 


push8_sp : 


0x6D; 


// 


01101101 


= 


push8 


%SP 


map 


push8_c : 


0x6E; 


// 


01101110 


= 


push8 


%C 


map 


push8_f 1 : 


0x6F; 


// 


01101111 


= 


push8 


%FL 


// 
















map 


push8_num : 


0x81; 


// 


10000001 


= 


push8 


# 


// 








1000010. 


= 


push8 


(%D 


map 


push8_mi : 


0x84; 


// 


10000100 


= 


push8 


(%I) 


map 


push8_mj : 


0x85; 


// 


10000101 




push8 


(%J) 


// 
















operands { 














%1 


= { +o = 


0x68; +0 


[2 : 0 


]=%1; }; 








#1 


= { +o= 


0x81; +1 


[7:0 


]=#i; }; 








(%1) = { +0= 

}; 


0x81; +0 


[0:0 


]=%i; }; 
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}; 

op pop8 { 
















// 








01111. . . 


= 


pop8 


g, 
"5 




map 


pop8_i : 


0x78; 


// 


01111000 


= 


pop8 


%I 




map 


pop8_j : 


0x79; 


// 


01111001 


= 


pop8 


%J 




map 


pop8_a : 


0x7A; 


// 


01111010 


= 


pop8 


%A 




map 


pop8_b : 


0x7B; 


// 


01111011 


= 


pop8 


%B 




map 


pop8_bp : 


0x7C; 


// 


01111100 


= 


pop8 


%BP 




map 


pop8_sp : 


0x7D; 


// 


01111101 


= 


pop8 


%SP 




map 


pop8_c : 


0x7E; 


// 


01111110 


= 


pop8 


%C 




map 


pop8_f 1 : 


0x7F; 


// 


01111111 


= 


pop8 


%FL 




// 






// 


1000100. 


= 


pop8 


(%) 




map 


pop8_mi : 


0x88; 


// 


10001000 


= 


pop8 


(%D 




map 


pop8_mj : 


0x89; 


// 


10001001 


= 


pop8 


(%J) 




// 


















operands { 
















2- 1 


- { + 0= 


0x78; +0 


[2 : 0 


]=%i; }; 










(%1) = { +0= 

}; 


0x88; +0 


[0:0 


]=%i; }; 










}; 
// 


















op j ump { 
















map 


jump_nc : 


0x90; 


// 


10010000 


= 


jump 


%carry 0 # 




map 


j ump_c : 


0x91; 


// 


10010001 


= 


jump 


%carry 1 # 




map 


jump_nz : 


0x92; 


// 


10010010 


= 


jump 


%zero 0 # 




map 


j ump_z : 


0x93; 


// 


10010011 


= 


jump 


%zero 1 # 




map 


jump_nn : 


0x94; 


// 


10010100 


= 


jump 


%negatlve 0 


# 


map 


j ump_n : 


0x95; 


// 


10010101 


= 


jump 


%negat±ve 1 


# 


map 


jump_no : 


0x96; 


// 


10010110 


= 


jump 


%overflow 0 


# 


map 


j ump_o : 


0x97; 


// 


10010111 


= 


jump 


%overflow 1 


# 


// 


















map 


jump : 


OxFE; 


// 


11111110 


= 


jump 


# 




// 


















operands { 
















%1,#2,#3 = 


{ +0=0x90; +0 [2 : 1] =%1; 


+ 0 [0 : 


0]=#2; 








+1=#3 [7:0] 


; +2=#3[15 


:8]; } 
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#1 

}; 


= { +0=0xFE; +1 = #1 [7:0] 


r 


+2=#1[15:8]; }; 


}; 
// 

op equal { 
map equal : 
operands { 

}; 


0x98; // 
- = { +0=0x98; 


10011000 

h }; 




equal 


op not { 
map not : 
operands { 

}; 


0x99; // 
- = { +0=0x99; 


10011001 

h }; 




not 


// 

op and { 
map and: 
operands { 

}; 


0x9A; // 
- = { +0=0x9A; 


10011010 

}; }; 




ana 


op nand { 
map nand: 
operands { 


0x9B; // 
- = { +0=0x9B; 


10011011 

}; }; 






}; 
// 

op or { 
map ul . 
operands { 

}; 


0x9C; // 
- = { +0=0x9C; 


10011100 

h }; 




or 


op nor { 
map nor: 
operands { 


0x9D; // 
- = { +0=0x9D; 


10011101 

h }; 




nor* 


}; 
// 

op xor { 
map xui . 
operands { 

}; 


0x9E; // 
- = { +0=0x9E; 


10011110 

h }; 




/-^ v* 


op nxor { 
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map nxor 




UxyF; // 


1001 1111 

lUUlllll 






operands 


{ - 


- = { +0=0x9F; 


}; }; 






}; 
// 












op add { 












map add: 




UxAU; // 


i n i n o o o o 

10100000 




_ _j _j 
add 


operands 


{ - 


- = { +0=0xA0; 


}; }; 






op sub { 












map sub : 




(JxAl; // 


i /ii n/i/i/ii 

10100001 






operands 


{ - 


- = { +0=0xAl; 


}■■ }■■ 






}; 
// 












op addc { 












map addc 




UxAz ; // 


1 Ul UUU1 U 




_ j _j _ 
addc 


operands 


{ - 


- = { +0=0xA2; 


}; }; 






op subb { 












map subb 




UxAj; // 


1 /II /1/1/11 1 

10100011 




_ T T 

subb 


operands 


{ - 


- = { +0=0xA3; 


}; }; 






}; 
// 












op lshl { 












map lshl 




UxA4 ; // 






isnl 


operands 

}; 


{ - 


- = { +0=0xA4; 


}; }; 






op lshr { 












map lshr 




(JxAo; // 


i /ii r\ n i n i 

10100101 




1 r_ 

lshr 


operands 


{ - 


- = { +0=0xA5; 


}; }; 






}; 
// 












op ashl { 












map ashl 




UxAo; // 


2 C/jL UU11U 




•a all 7 

asni 


operands 


{ - 


- = { +0=0xA6; 


}; }; 






op ashr { 
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map ashr : 
operands { - 


UxA/; // 
- = { +0=0xA7; 


1U1UU 111 

}; }; 




ashr 


}; 
// 

op rotcl { 
map rotcl : 
operands { - 

}; 


UxAo; // 
- = { +0=0xA8; 


1 Ul Ul UUU 

}; }; 




rotcl 


op rotcr { 
map rotcr: 
operands { - 


(JxAy; // 
- = { +0=0xA9; 


10101001 

}■■ }■■ 




rotcr 


}; 
// 

op rotl { 
map rotl : 
operands { - 

}; 


UxAA; // 
- = { +0=0xAA; 


i ni ni ni n 
1 Ul Ul Ul U 

}■■ }■■ 




rot.1 


op rotr { 
map rotr: 
operands { - 


(JxAB; // 
- = { +0=0xAB; 


t r\t r\t r\t t 
10101011 

h h 




rotr 


}; 
// 

op add8 { 
map add8 : 
operands { - 

}; 


UxAC; // 
- = { +0=0xAC; 


i n i n i inn 
10101100 

}■ }; 




_ j in 

aaao 


op sub8 { 
map sub8 : 
operands { - 


(JxAD; // 
- = { +0=0xAD; 


i n i n i i n i 

10101101 

}; }; 




_ T O 


}; 
// 

op add8c { 
map add8 c : 
operands { - 

}; 


UxAh; // 
- = { +0=0xAE; 


ininiiin 
1U1U111U 

h h 




aCLCLCo 


op sub8b { 
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map sub8b: 
operands { - 


UxAF; // 
= { +0=0xAF; 


10101111 

}; }; 




SUDDS 


}; 
// 

op lsh81 { 
map 1 sh8 1 : 
operands { - 

}; 


UxBU; // 
= { +0=0xB0; 


i ni i n n n n 
1 U11UUUU 

}; }; 




isnlol 


op lsh8r { 
map lsh8r: 
operands { - 


(JxBl; // 
= { +0=0xBl; 


10110001 

}■■ }■■ 




7 _ l_ 7 O „ 

lsnlor 


}; 
// 

op ash81 { 
map ash8 1 : 
operands { - 

}; 


UxBz ; // 
= { +0=0xB2; 


i ni i n n i n 
1 U11UU1 U 

}; }; 




cLSnlol 


op ash8r { 
map ash8r: 
operands { - 


UxBJ; // 
= { +0=0xB3; 


10110011 

}; }; 




ashl8r 


}; 
// 

op rot8cl { 
map rot 8 cl : 
operands { - 

}; 


UxB4 ; // 
= { +0=0xB4; 


1 U11U1 uu 

}; }; 




JTOtCoJ. 


op rot8cr { 
map rot8cr: 
operands { - 


UxBo; // 
= { +0=0xB5; 


10110101 

}; }; 




rotcSr 


}; 
// 

op rot81 { 
map rot 8 1 : 
operands { - 

}; 


UxBb; // 
= { +0=0xB6; 


iniiniin 

}; }; 




„ _ _i_ o 7 

JTOt O J. 


op rot8r { 
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map rot8r: 




(JxB / ; // 


10110111 = 


rot8r 


operands { - 


= 


{ +0=0xB7; 


h }; 




}; 
// 










op cast { 










// 




// 


101110.. = 


cast <slg>, % 


map cast_uns_ 


.a 


: 0xB8; // 


10111000 = 


cast 0 , %A 


map cast_uns_ 


b 


: 0xB9; // 


10111001 = 


cast 0, %B 


map cast_sig_ 


.a 


: OxBA; // 


10111010 = 


cast 1, %A 


map cast_sig_ 


b 


: OxBB; // 


10111011 = 


cast 1,%B 


operands { 










#1,%2 = {+0 

}; 


= 


3xB8; +0[1:1 


]=#1; +0[0: 


0]=%2; }; 


}; 
// 










op equals { 










map equal s : 




UxBL; // 


1U1111UU — 


— , X- — — 1- O 7| 

SZ.3.CK <— -$A 


operands { - 

}; 


= 


{ +0=0xBC; 


}; }; 




op nots { 










map not s : 




OxBD; // 


10111101 = 


stack <= NOT %A 


operands { - 


= 


{ +0=0xBD; 


}; }; 




}; 
// 










op ands { 










map anas . 




UXJdiL, // 


1U11111U — 


SL.3.CK <— ?A AJ}IU 


operands { - 

}; 


= 


{ +0=0xBE; 


}; }; 




op nands { 










map nands : 




OxBF; // 


10111111 = 


stack <= %A NAND %B 


operands { - 


= 


{ +0=0xBF; 


}; }; 




}; 
// 










op ors { 










map ors: 




OxCO; // 


11000000 = 


stack <= %A OR %B 


operands { - 




{ +0=0xC0; 


}; }; 
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}; 

op nors { 
map nors: 
operands { - 


OxCl; // 
- = { +0=0xCl; 


11000001 

}; }; 




stack 


<= 


%A 






}; 
// 

op xors { 
map xors. 
operands { - 

}; 


uxtz , / / 
- = { +0=0xC2; 


XX UUUU ± U 




stack 






ynn a. d 




op nxors { 
map nxors : 
operands { - 


0xC3; // 
- = { +0=0xC3; 


11000011 

}; }; 




stack 


<= 


%A 




}; 
// 

op adds { 
map adds : 
operands { - 

}; 


UxL4 ; // 
- = { +0=0xC4; 


11UUU1 UU 

}; }; 




szacJc 


<■= 




+ %B 




op subs { 
map subs: 
operands { - 


0xC5; // 
- = { +0=0xC5; 


11000101 

}; }; 




stack 


<= 


%A 


- %B 




}; 
// 

op addcs { 
map addcs : 
operands { - 

}; 


UxLb; // 
- = { +0=0xC6; 


11UUU11U 

}; }; 




stack 


<= 




+ %B + 


% carry 


op subbs { 
map subbs : 
operands { - 


0xC7; // 
- = { +0=0xC7; 


11000111 

}; }; 




stack 


<= 


%A 


- %B - 


% carry 


}; 
// 

op lshls { 
map lshls: 
operands { - 


0xC8; // 
- = { +0=0xC8; 


11001000 

}; }; 




stack 


<= 


IshI 
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}; 

op lshrs { 
map lshrs: 
operands { - 


0xC9; // 
= { +0=0xC9; 


11001001 

}; }; 




stack 


<= 


Ishr 


}; 
// 

op ashls { 
map dSnis . 
operands { - 

}; 


r\\sCi\ • / / 

UXLA, // 

= { +0=0xCA; 


7 i nn i ni n 

11 UU1 Ul u 

}■■ }■■ 




stack 




a f h 7 

asm 


op ashrs { 
map ashrs : 
operands { - 


OxCB; // 
= { +0=0xCB; 


11001011 

}; }; 




stack 


<= 


ashr 


}; 
// 

op rotcls { 
map rotcls : 
operands { - 

}; 


n w r* - / / 
UXLL; // 

= { +0=0xCC; 


i i nni inn 
1J.UUJ.1UU 

}; }; 




stack 


< — 


rotcl 


op rotors { 
map rotors : 
operands { - 


OxCD; // 
= { +0=0xCD; 


11001101 

}; }; 




stack 


<= 


rotcr 


}; 
// 

op rotls { 
map rot 1 s c 
operands { - 

}; 


uxlil; // 
= { +0=0xCE; 


1 1 nni 1 1 n 
11UU111U 

}; }; 




stack 


< — 


■vr\4- 7 
JTOC J. 


op rotrs { 
map rotrs : 
operands { - 


OxCF; // 
= { +0=0xCF; 


11001111 

}; }; 




stack 


<= 


rotr 


}; 
// 

op add8s { 
map add8s: 
operands { - 


OxDO; // 
= { +0=0xD0; 


11010000 

}; }; 




stack8 <■ 


= + 
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}; 

op sub8s { 
map sub8s: 
operands { - 


OxDl; // 
= { +0=0xDl; 


11010001 

}; }; 




stacko 


<= 




}; 
// 

op add8cs { 
map add8cs : 
operands { - 

}; 


UxDz ; // 
= { +0=0xD2; 


11U1UU1 u 

}; }; 




stacko 


<= 


+ + %ca2rry 


op sub8bs { 
map sub8bs : 
operands { - 


(JxDJ; // 
= { +0=0xD3; 


11U1UU11 

}; }; 




stacko 


<= 


— — %carry 


}; 
// 

op lsh81s { 
map lsh81s : 
operands { - 

}; 


UxD4 ; // 
= { +0=0xD4; 


11U1 Ul uu 

}; }; 




stacko 


<= 


J. stio r 


op lsh8rs { 
map lsh8rs : 
operands { - 


(JxDo; // 
= { +0=0xD5; 


i i r\t r\t m 
11010101 

}; }; 




stacko 


<= 


Ash or 


}; 
// 

op ash81s { 
map asnors . 
operands { - 

}; 


u XJJ o , / / 
= { +0=0xD6; 


J. J. U J. U J. J. u 

}; }; 




suacKO 


v. — 


asno± 


op ash8rs { 
map ash8rs : 
operands { - 


UxD / ; // 
= { +0=0xD7; 


11010111 

}; }; 




stacko 


<= 


ash8r 


}; 
// 

op rot8cls { 
map rot 8cls : 
operands { - 


0xD8; // 
= { +0=0xD8; 


11011000 

}; }; 




stack8 


<= 


rot8cl 
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}; 

op rot8crs { 










map rot 8crs : 


UxDy; // 11011001 




stack.8 <= 


rot8cr 


operands { - = 


{ +0=0xD9; }; }; 








}; 
// 










op rot81s { 










map rot 81s: 


UxDA; // 11011010 




StcLCKo <— 


rotoi 


operands { - = 

}; 


{ +0=0xDA; }; }; 








op rot8rs { 










map rot 8 r s : 


UxUB ; // 11U11U11 




sta.ck.8 <= 


rot8r 


operands { - = 


{ +0=0xDB; }; }; 








}; 
// 










op casts { 










// 


// 1101110. 




casts <s±g> 


map casts_uns: 


OxDC; // 11011100 


= 


casts 0 




map casts_sig: 


OxDD; // 11011101 




casts 1 




operands { 










#1 = {+0=0xDC; +0[0:0]=#1; }; 

}; 








}; 
// 










op call { 










map call: 


OxDE; // 11011110 


= 


call # 




map call_i: 


OxFC; // 11111100 


= 


call (%I) 




map call_j : 


OxFD; // 11111101 




call (%J) 




operands { 










#1 = { +0= 


OxDE; +1=#1[7:0]; +2= 


=#1[15:8]; }; 




(%1) = { +0= 

}; 


OxFC; +0[0:0]=%1; }; 








}; 

op return { 










map return: 


OxDF; // 11011111 




return 




operands { - = 


{ +0=0xDF; }; }; 
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}; 
// 

op int { 

map int: OxEO; // 11100000 = int <n> 

operands { 

#1 = { +0=0xE0; +1=#1; }; 

}; 

}; 

op iret { 

map iret: OxEl; // 11100001 = iret 

operands { - = { +0=0xEl; }; }; 

}; 

// 

op imrl { 

map imrl: 0xE2; // 11100010 = IMR load 

operands { 

#1 = { +0=0xE2; +1=#1[7:0]; }; 

}; 

operands { - = { +0=0xE2; }; }; 

}; 

op ivtl { 

map ivtl: 0xE3; // 11100011 = IVT load 

operands { 

#1 = { +0=0xE3; +1=#1[7:0]; +2=#1[15:8]; }; 

}; 

}; 
// 

op flag_i { 

map flag_i_clr: 0xE4; // 11100100 = flag_i 0 
map flag_i_set: 0xE5; // 11100101 = flag_i 1 

operands { 

#1 = { +0=0xE4; +0[0:0]=#1; }; 

}; 

}; 
// 

op flag_c { 
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map flag_c_clr: 


0xE6; 


// 11100110 


= 


flag_c 0 






map flag_c_set: 


0xE7; 


// 11100111 


= 


flag_c 1 






operands { 














#1 = { +0=0xE6; +0[0 

}; 


:0]=#1; }; 










}; 
// 














op in { 














map in_num_a: 


0xE8; 


// 11101000 


= 


in <n>, %A 






map in_num_b: 


0xE9; 


// 11101001 


= 


in <n>, %B 






map in_num_mi : 


OxEA; 


// 11101010 


= 


in <n>, (%I) 






map in_num_mj : 


OxEB; 


// 11101011 


= 


in <n>, (%J) 






operands { 














#1,%2 = { +0 


=0xE8; 


+ 0 [0 : 0] =%2; 


+1 


=#1; }; 






#1, (%2) = { +0 

}; 


=0xEA; 


+0 [0 : 0]=%2; 


+1 


=#i; }; 






}; 

op out { 














map out_a_num: 


OxEC; 


// 11101100 


= 


out %A, # 






map out_b_num: 


OxED; 


// 11101101 


= 


out %B, # 






map out_mi_num: 


OxEE; 


// 11101110 




out 






map out_mi_num: 


OxEF; 


// 11101111 


= 


out (%J) , # 






operands { 














%1,#2 = { +0 


=0xEC; 


+ 0 [0 : 0] =%1; 


+1 


=#2; }; 






(%1) , #2 = { +0 

}; 


=0xEE; 


+ 0 [0 : 0] =%1; 


+1 


=#2; }; 






}; 
// 














op ifack_jump { 














map ifack_jump: 


OxFO; 


// 11110000 




jump if ack 


from 


device 


operands { 














#1,#2 = { +0 

}; 


=0xF0; 


+!=#!; +2=#2[7 


:0]; +3=#2[15:8]; 


h 


}; 

op ifack_call { 














map ifack_call: 


OxFl; 


// 11110001 




call if ack 


from 


device 
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operands { 
#1,#2 

}; 


= { +0=0xFl; 


+1=#1; +2=#2[7 


:0]; +3=#2[15:8]; }; 


}; 
// 

op cmpr { 
map cmpr : 
operands { 

}; 


Uxh Z } 
- = { +0[7: 


// 77770070 

// 1111UU1U — 

0]=0xF2; }; }; 


compare sa, 


op testr { 
map testr: 
operands { 

}; 


UxF 3 ; 
- = { +0[7: 


// 77770077 

// 11110011 = 

0]=0xF3; }; }; 


test -cA, -5B 


// 

op cmpi { 
map cmpi : 
operands { 

}; 


uxh 4 ; 
- = { +0[7: 


// 11110100 — 

0]=0xF4; }; }; 




op testi { 
map testi: 
operands { 


UxFo ; 
- = { +0[7: 


// 77770707 

// 11110101 = 

0]=0xF5; }; }; 


test , (%J) 


}; 
// 

op cmps { 
map cmps : 
operands { 

}; 


n w tp c - 
- = { +0[7: 


// 77770770 — 
// llllOllO — 

0]=0xF6; }; }; 


compare s t a cjc 


op tests { 
map tests: 
operands { 


UxF / ; 
- = { +0[7: 


// 77770777 

// 11110111 = 

0]=0xF7; }; }; 


test stack 


}; 
// 

op cmp8i { 
map cmp8i: 
operands { 

}; 


0xF8; 
- = { +0[7: 


// 11111000 = 

0]=0xF8; }; }; 


compare8 (%I) , (%J) 
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op test8i { 
map test8i: 
operands { - 


UxFy ; 
= { +0[7 


// 11111001 

:0]=0xF9; }; } 


= testa , (%J) 


}; 
// 

op cmp8s { 
map cmp8 s : 
operands { - 

}; 


n w XT' 7\ ■ 

Uxh A; 
= { +0[7 


// 11111010 

:0]=0xFA; }; } 


= coun.p3.re8 stack 


op test8s { 
map test8s: 
operands { - 


OxFB ; 
= { +0[7 


// 11111011 

:0]=0xFB; }; } 


= testa stack 


}; 
// 

op stop { 
map stop: 
operands { - 

}; 


OxFF; 
= { +0[7 


// 11111111 

:0]=0xFF; }; } 





12.15 Microcode 

« 



It follows the microcode listing, describing the opcode procedures. 
Listing 12.43. Microcode for TKGate. 



begin microcode @ 0 




// 




fetch : 




// IR[7:0] <= RAM[PC++], 


MPC <= IR[7:0] 


ir=select_bus_b ir=rank_< 


3 ir=register_load_byte_l ir=select_byte_l 


ram=select_bus_b ram=bus_ 


_write ram=p 


pc=dpl ctrl=load; 




// 




nop : 




// MPC <= # fetch 




addr=fetch jump=true; 




// 




cp_i_j : 
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// J <= J, MPC <= # fetch 








j=select_bus_a j=rank_16 


j 


=register_load 




i=select_bus_a i=rank_16 


i 


=bus_write 




addr=fetch jump=t rue ; 






cp 


i a : 








// A <= I, MPC <= # fetch 








a=select_bus_a a=rank_16 


a 


=register_load 




i=select_bus_a i=rank_16 


i 


=bus write 




addr=fetch jump=true; 






cp 


_i_b : 








// B <= I, MPC <= #fetch 








b=select_bus_a b=rank_16 


b 


=register_load 




i=select_bus_a i=rank_16 


i 


=bus_write 




addr=fetch jump=true; 






cp 


_i_sp : 








// SP <= J, MPC <= # fetch 






sp=select_bus_a sp=rank_ 


16 


sp=register_load 




i=select_bus_a i=rank_16 


i 


=bus_write 




addr=fetch jump=true; 






cp 


_i_bp : 








// BP <= J, MPC <= # fetch 






bp=select_bus_a bp=rank_ 


16 


bp=register_load 




i=select_bus_a i=rank_16 


i 


=bus write 




addr=fetch jump=true; 






cp 


_i_c : 








// C <= I, MPC <= # fetch 








c=select_bus_a c=rank_16 


c 


=regi st er_load 




i=select_bus_a i=rank_16 


i 


=bus_write 




addr=fetch jump=true; 






cp 


_i_f 1 : 








// FL <= J, MPC <= # fetch 






f l=select_bus_a fl=rank_ 


16 


f l=register_load 




i=select_bus_a i=rank_16 


i 


=bus write 




addr=fetch jump=true; 






CP 










// I <= J, MPC <= # fetch 








i=select_bus_a i=rank_16 


i 


=register_load 




j=select_bus_a j=rank_16 


j 


=bus write 




addr=fetch jump=true; 






cp_ 


-j_a: 








// A <= J, MPC <= # fetch 
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a=select_bus_a a=rank_16 a 


=regi st er_load 




j=select_bus_a j=rank_16 j 


=bus_write 




addr=fetch jump=true; 




cp 


i b: 






// B <= J, MPC <= # fetch 






b=select_bus_a b=rank_16 b 


=register_load 




j=select_bus_a j=rank_16 j 


=bus write 




addr=fetch jump=tru6; 




cp 


i sp : 

— -J XT 






// SP <= J, MPC <= # fetch 






sp=select bus a sp=rank 16 


sp=register load 




j=select_bus_a j=rank_16 j 


=bus_write 




addr=fetch jump=t rue ; 




cp 


i bp : 






// BP <= J, MPC <= # fetch 






bp=select_bus_a bp=rank_16 


bp=register_load 




j=select_bus_a j=rank_16 j 


=bus_write 




addr=fetch jump=true; 




cp 


i c : 






// C <= J, MPC <= # fetch 






c=select bus a c=rank 16 c 


=register load 




j=select_bus_a j=rank_16 j 


=bus write 




addr=fetch jump=true; 




cp 


i f 1 : 






// FL <= J, MPC <= # fetch 






f l=select_bus_a fl=rank_16 


f l=register_load 




j=select_bus_a j=rank_16 j 


=bus write 




addr=fetch jump=true; 




CP 


_a_i : 






// I <= A, MPC <= #fetch 






i=select_bus_a i=rank_16 i 


=register_load 




a=select_bus_a a=rank_16 a 


=bus_write 




addr=fetch jump=true; 




CP 


a i : 
— — j 






// J <= A, MPC <= #fetch 






j=select_bus_a j=rank_16 j 


=regi st er_load 




a=select_bus_a a=rank_16 a 


=bus write 




addr=fetch jump=true; 




cp_ 


_a_b : 






// B <= A, MPC <= # fetch 






b=select_bus_a b=rank_16 b 


=register_load 
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a=select_bus_a a=rank_16 a 


=bus write 




addr=fetch jump=true; 




CP 


_a_sp : 






// SP <= A, MPC <= #fetch 






sp=select_bus_a sp=rank_16 


sp=register_load 




a=select_bus_a a=rank_16 a 


=bus_write 




addr=fetch jump=true; 




CP 


_a_bp : 






// BP <= A, MPC <= # fetch 






bp=select_bus_a bp=rank_16 


bp=register_load 




a=select_bus_a a=rank_16 a 


=bus write 




addr=fetch jump=true; 




cp 


a c : 






// C <= A, MPC <= #fetch 






c=select bus a c=rank 16 c 


=register load 




a=select_bus_a a=rank_16 a 


=bus write 




addr=fetch jump=true; 




CP 


_a_f 1 : 






// FL <= A, MPC <= #fetch 






f l=select_bus_a fl=rank_16 


f l=regi st er_load 




a=select_bus_a a=rank_16 a 


=bus_write 




addr=fetch jump=true; 




CD 


_b_i : 






// I <= B, MPC <= # fetch 






i=select_bus_a i=rank_16 i 


=register_load 




b=select_bus_a b=rank_16 b 


=bus write 




addr=fetch jump=true; 




cp_ 


_b_j : 






// J <= B, MPC <= #fetch 






j=select_bus_a j=rank_16 j 


=regi st er_load 




b=select_bus_a b=rank_16 b 


=bus_write 




addr=fetch jump=true; 




cp 


b a : 






// A <= B, MPC <= #fetch 






a=select_bus_a a=rank_16 a 


=register_load 




b=select_bus_a b=rank_16 b 


=bus_write 




addr=fetch jump=true; 




cp 


_b sp : 






// SP <= B, MPC <= # fetch 






sp=select_bus_a sp=rank_16 


sp=register_load 




b=select_bus_a b=rank_16 b 


=bus_write 
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addr=fetch jump=true; 




CP 


_b_bp : 






// BP <= B, MPC <= # fetch 






bp=select_bus_a bp=rank_16 


bp=register_load 




b=select_bus_a b=rank_16 b= 


=bus_write 




addr=fetch jump=true; 




CD 


b c : 






// C <= B, MPC <= #fetch 






c=select bus a c=rank 16 c= 


=register load 




b=select_bus_a b=rank_16 b= 


=bus write 




addr=fetch jump=true; 




CD 


_b_f 1 : 






// FL <= B, MPC <= #fetch 






f l=select_bus_a fl=rank_16 


f l=register_load 




b=select_bus_a b=rank_16 b= 


=bus write 




addr=fetch jump=t rue ; 




cp 


_sp i : 






// I <= SP, MPC <= #fetch 






i=select_bus_a i=rank_16 i= 


=register_load 




sp=select_bus_a sp=rank_16 


sp=bus_wr it e 




addr=fetch jump=true; 




cp_ 


_sp_ j : 






// J <= SP, MPC <= # fetch 






j=select_bus_a j=rank_16 j= 


=register_load 




sp=select_bus_a sp=rank_16 


sp=bus_wr it e 




addr=fetch jump=true; 




cp 


_sp a : 






// A <= SP, MPC <= # fetch 






a=select_bus_a a=rank_16 a= 


=register_load 




sp=select_bus_a sp=rank_16 


sp=bus_writ e 




addr=fetch jump=true; 




cp 


_sp b : 






// B <= SP, MPC <= ifetch 






b=select_bus_a b=rank_16 b= 


=register_load 




sp=select_bus_a sp=rank_16 


sp=bus_wr it e 




addr=fetch jump=true; 




CP 


_sp_bp : 






// BP <= SP, MPC <= # fetch 






bp=select_bus_a bp=rank_16 


bp=register_load 




sp=select_bus_a sp=rank_16 


sp=bus_write 




addr=fetch jump=true; 
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CP 


_sp c : 






// C <= SP, MPC <= # fetch 






c=select_bus_a c=rank_16 c= 


=register_load 




sp=select_bus_a sp=rank_16 


sp=bus_writ e 




addr=fetch jump=true; 




CP 


_sp_f 1 : 






// FL <= SP, MPC <= # fetch 






fl=select bus a fl=rank 16 


fl=register load 




sp=select_bus_a sp=rank_16 


sp=bus_wr it e 




addr=fetch jump=true; 




CP 


bp i : 






// I <= BP, MPC <= # fetch 






i=select_bus_a i=rank_16 i= 


=regi st er_load 




bp=select_bus_a bp=rank_16 


bp=bus_writ e 




addr=fetch jump=true; 




cp_ 


_bp_ j : 






// J <= BP, MPC <= # fetch 






j=select_bus_a j=rank_16 j= 


=register_load 




bp=select_bus_a bp=rank_16 


bp=bus_writ e 




addr=fetch jump=true; 




cp 


_bp a : 






// A <= BP, MPC <= # fetch 






a=select bus a a=rank 16 a= 


=register load 




bp=select_bus_a bp=rank_16 


bp=bus_writ e 




addr=fetch jump=true; 




cp 


bp b : 






// B <= BP, MPC <= # fetch 






b=select_bus_a b=rank_16 b= 


=regi st er_load 




bp=select_bus_a bp=rank_16 


bp=bus_write 




addr=fetch jump=true; 




cp 


bp sp : 






// SP <= BP, MPC <= # fetch 






sp=select_bus_a sp=rank_16 


sp=regi st er_load 




bp=select_bus_a bp=rank_16 


bp=bus_writ e 




addr=fetch jump=true; 




cp 


_bp c : 






// C <= BP, MPC <= # fetch 






c=select bus a c=rank 16 c= 


=register load 




bp=select_bus_a bp=rank_16 


bp=bus_write 




addr=fetch jump=true; 




cp_ 


_bp_f 1 : 
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// FL <= BP, MPC <= # fetch 






f l=select_bus_a fl=rank_16 


f l=register_load 




bp=select_bus_a bp=rank_16 


bp=bus_writ e 




addr=fetch jump=true; 




cp 


c i : 






// I <= C, MPC <= # fetch 






i=select_bus_a i=rank_16 i 


=register_load 




c=select_bus_a c=rank_16 c 


=bus write 




addr=fetch jump=true; 




cp_ 


- c _j : 






// J <= C, MPC <= # fetch 






j=select_bus_a j=rank_16 j 


=register_load 




c=select_bus_a c=rank_16 c 


=bus_write 




addr=fetch jump=true; 




cp 


c a : 






//A <= C, MPC <= # fetch 






a=select_bus_a a=rank_16 a 


=register_load 




c=select_bus_a c=rank_16 c 


=bus_write 




addr=fetch jump=t rue ; 




cp 


c b : 






// B <= C, MPC <= # fetch 






b=select_bus_a b=rank_16 b 


=register_load 




c=select_bus_a c=rank_16 c 


=bus write 




addr=fetch jump=true; 




CP 


_c_sp : 






// SP <= C, MPC <= #fetch 






sp=select_bus_a sp=rank_16 


sp=register_load 




c=select_bus_a c=rank_16 c 


=bus_write 




addr=fetch jump=true; 




CP 


_c_bp : 






// BP <= C, MPC <= #fetch 






bp=select bus a bp=rank 16 


bp=register load 




c=select bus a c=rank 16 c 


=bus write 




addr=fetch jump=true; 




CP 


_c_f 1 : 






// FL <= C, MPC <= # fetch 






fl=select bus a fl=rank 16 


fl=register load 




c=select_bus_a c=rank_16 c 


=bus write 




addr=fetch jump=true; 




cp_ 


_fl_i : 






// I <= FL, MPC <= ifetch 
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i=select bus a i=rank 16 i=register_load 








f l=select_bus_a fl=rank_16 fl=bus_write 








addr=fetch jump=true; 






cp_ 


_fl_j : 








// J <= FL, MPC <= #fetch 








j=select bus a j=rank 16 j=register_load 








f l=select_bus a fl=rank 16 fl=bus write 








addr=fetch jump=true; 






cp 


_fl_a: 








// A <= FL, MPC <= # fetch 








a=select_bus a a=rank 16 a=register_load 








f l=select_bus_a fl=rank_16 fl=bus_write 








addr=fetch jump=true; 






cp 


_fl_b: 








// B <= FL, MPC <= # fetch 








b=select_bus_a b=rank_16 b=register_load 








f l=select_bus_a fl=rank_16 fl=bus_write 








addr=fetch jump=true; 






cp 


f 1 sp : 








// SP <= FL, MPC <= #fetch 








sp=select bus a sp=rank 16 sp=register_load 








f l=select_bus_a fl=rank_16 f l=bus_write 








addr=fetch jump=true; 






CP 


_f l_bp : 








// BP <= FL, MPC <= # fetch 








bp=select_bus_a bp=rank_16 bp=register_load 








f l=select_bus_a fl=rank_16 fl=bus_write 








addr=fetch jump=true; 






CP 


_fl_c : 








// C <= FL, MPC <= # fetch 








c=select_bus_a c=rank_16 c=register_load 








f l=select_bus_a fl=rank_16 fl=bus_write 








addr=fetch jump=true; 






cp_ 


_num_i : 








// I [7:0] <= RAM[PC++] 








i=select_bus_a i=rank_8 i=register_load_byte_l 


i=select. 


_byte_l 




ram=select_bus_a ram=bus_write ram=p pc=dpl; 








// I [15: 8] <= RAM[PC++] , MPC <= # fetch 








i=select_bus_a i=rank_8 i=register_load_byte_2 


i=select_ 


_byte_2 




ram=select_bus_a ram=bus_write ram=p pc=dpl 








addr=fetch jump=true; 
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cp_ 


_num_j : 

// J [7:0] <= RAM[PC++] 














j=select_bus_a j=rank_8 j=register_load_byte_ 


1 


i = 


select. 


_byte_ 


.1 




ram=select_bus_a ram=bus_write ram=p pc=dpl; 














// J [15: 8] <= RAM[PC++] , MPC <= iff etch 














j=select_bus_a j=rank_8 j=register_load_byte_ 


_2 


j= 


select. 


_byte_ 


.2 




ram=select_bus_a ram=bus_write ram=p pc=dpl 














addr=fetch jump=true; 












cp_ 


_num_a : 

// A[7:0] <= RAM[PC++] 














a=select_bus_a a=rank_8 a=register_load_byte_ 


_1 


a= 


select. 


_byt e_ 


.1 




ram=select_bus_a ram=bus_write ram=p pc=dpl; 














// A[15:8] <= RAM[PC++] , MPC <= # fetch 














a=select_bus_a a=rank_8 a=register_load_byte_ 


_2 


a= 


select. 


_byte_ 


.2 




ram=select_bus_a ram=bus_write ram=p pc=dpl 














addr=fetch jump=true; 












cp_ 


_num_b : 

// B[7:0] <= RAM[PC++] 














b=select_bus_a b=rank_8 b=register_load_byte_ 


1 


b= 


select. 


_byt e_ 


.1 




ram=select_bus_a ram=bus_write ram=p pc=dpl; 














// B[15:8] <= RAM[PC++] , MPC <= iff etch 














b=select_bus_a b=rank_8 b=register_load_byte_ 


_2 


b= 


select. 


_byte_ 


.2 




ram=select_bus_a ram=bus_write ram=p pc=dpl 














addr=fetch jump=true; 












cp_ 


_mi_a : 

// AF7-01 <= RAMfll 














a=select_bus_a a=rank_8 a=register_load_byte_ 


1 


a= 


select. 


_byte_ 


.1 




ram=select_bus_a ram=bus_write ram=i; 














// A[15:8] <= RAM[I+1] , MPC <= if fetch 














a=select_bus_a a=rank_8 a=register_load_byte_ 


_2 


a= 


select. 


_byte_ 


.2 




ram=select_bus_a ram=bus_write ram=i i=qpl 














addr=fetch jump=true; 












cp_ 


_mi_b : 

// B[7:01 <= RAMfll 














b=select_bus_a b=rank_8 b=register_load_byte_ 


1 


b= 


select. 


_byte_ 


.1 




ram=select_bus_a ram=bus_write ram=i; 














// B[15:8] <= RAM[I+1] , MPC <= # fetch 














b=select_bus_a b=rank_8 b=register_load_byte_ 


_2 


b= 


select. 


_byte_ 


.2 




ram=select_bus_a ram=bus_write ram=i i=qpl 














addr=fetch jump=true; 












cp_ 


_m j_a : 
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// A [7:0] <= RAM [J] 

a=select_bus_a a=rank_8 a=register_load_byte_l a=select_byte_l 
ram=select_bus_a ram=bus_write ram=j; 
// A [15: 8] <= RAM[J+1] , MPC <= # fetch 

a=select_bus_a a=rank_8 a=register_load_byte_2 a=select_byte_2 
ram=select_bus_a ram=bus_write ram=j j=qpl 
addr=fetch jump=true; 
cp_m j_b : 

// B[7:0] <= RAM [J] 

b=select_bus_a b=rank_8 b=register_load_byte_l b=select_byte_l 
ram=select_bus_a ram=bus_write ram=j; 
// B[15:8] <= RAM[J+1] , MPC <= # fetch 

b=select_bus_a b=rank_8 b=register_load_byte_2 b=select_byte_2 
ram=select_bus_a ram=bus_write ram=j j=qpl 
addr=fetch jump=true; 
cp_a_mi : 

// RAM [I] <= A[7:0] 
ram=select_bus_a ram=load ram=i 

a=select_bus_a a=rank_8 a=select_byte_l a=bus_write; 
// RAM[I+1] <= A [15: 8], MPC <= # fetch 

ram=select_bus_a ram=load ram=i i=qpl 
a=select_bus_a a=rank_8 a=select_byte_2 a=bus_write 
addr=fetch jump=true; 
cp_a_m j : 

// RAM [J] <= A[7:0] 
ram=select_bus_a ram=load ram=j 

a=select_bus_a a=rank_8 a=select_byte_l a=bus_write; 
// RAM[J+1] <= A[15:8], MPC <= # fetch 

ram=select_bus_a ram=load ram=j j=qpl 
a=select_bus_a a=rank_8 a=select_byte_2 a=bus_write 
addr=fetch jump=true; 
cp_b_mi : 

// RAM [I] <= B[7:0] 
ram=select_bus_a ram=load ram=i 

b=select_bus_a b=rank_8 b=select_byte_l b=bus_write; 
// RAM[I+1] <= B[15:8], MPC <= # fetch 

ram=select_bus_a ram=load ram=i i=qpl 
b=select_bus_a b=rank_8 b=select_byte_2 b=bus_write 
addr=fetch jump=true; 
cp_b_m j : 

// RAM[J] <= B[7:0] 
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ram=select_bus_a ram=load ram=j 

b=select_bus_a b=rank_8 b=select_byte_l b=bus_write; 
// RAM[J+1] <= B[15:8] , MPC <= # fetch 

ram=select_bus_a ram=load ram=j j=qpl 
b=select_bus_a b=rank_8 b=select_byte_2 b=bus_write 
addr=fetch jump=true; 
cp_num_mi : 

// TMP[7:0] <= RAM[PC++] 

tmp=select_bus_a tmp=rank_8 tmp=register_load_byte_l tmp=select_byte_l 
ram=select_bus_a ram=bus_write ram=p pc=dpl; 
// TMP[15:8] <= RAM[PC++] 

tmp=select_bus_a tmp=rank_8 tmp=register_load_byte_2 tmp=select_byte_2 
ram=select_bus_a ram=bus_write ram=p pc=dpl; 
// RAM [I] <= TMP[7:0] 
ram=select_bus_a ram=load ram=i 

tmp=select_bus_a tmp=rank_8 tmp=select_byte_l tmp=bus_write ; 
// RAM[I+1] <= TMP[15:8], MPC <= # fetch 

ram=select_bus_a ram=load ram=i i=qpl 

tmp=select_bus_a tmp=rank_8 tmp=select_byte_2 tmp=bus_write 
addr=fetch jump=true; 
cp_num_m j : 

// TMP[7:0] <= RAM[PC++] 

tmp=select_bus_a tmp=rank_8 tmp=register_load_byte_l tmp=select_byte_l 
ram=select_bus_a ram=bus_write ram=p pc=dpl; 
// TMP[15:8] <= RAM[PC++] 

tmp=select_bus_a tmp=rank_8 tmp=register_load_byte_2 tmp=select_byte_2 
ram=select_bus_a ram=bus_write ram=p pc=dpl; 
// RAM [J] <= TMP[7:0] 

ram=select_bus_a ram=load ram=j 

tmp=select_bus_a tmp=rank_8 tmp=select_byte_l tmp=bus_write ; 
// RAM[J+1] <= TMP[15:8], MPC <= # fetch 

ram=select_bus_a ram=load ram=j j=qpl 

tmp=select_bus_a tmp=rank_8 tmp=select_byte_2 tmp=bus_write 
addr=fetch jump=true; 
cp_mi_mj : 

// TMP[7:0] <= RAM [I] 

tmp=select_bus_a tmp=rank_8 tmp=register_load_byte_l tmp=select_byte_l 
ram=select_bus_a ram=bus_write ram=i; 
// TMP[15:8] <= RAM[I+1] 

tmp=select_bus_a tmp=rank_8 tmp=register_load_byte_2 tmp=select_byte_2 
ram=select_bus_a ram=bus_write ram=i i=qpl; 
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// RAM [J] <= TMP[7:0] 










ram=select_bus_a ram=load ram=j 










tmp=select_bus_a tmp=rank_8 tmp=select_byte_ 


1 


tmp=bus_wr it e ; 






// RAM[J+1] <= TMP[15:8] , MPC <= #fetch 










ram=select_bus_a ram=load ram=j j=qpl 










tmp=select_bus_a tmp=rank_8 tmp=select_byte_ 


_2 


tmp=bus_wr it e 






addr=fetch jump=true; 








cp_ 


_m j_mi : 










// TMP[7:0] <= RAM [J] 










tmp=select_bus_a tmp=rank_8 tmp=register_load_ 


_byte_l tmp=select. 


_byte_l 




ram=select_bus_a ram=bus_write ram=j; 










// TMP[15:8] <= RAM[J+1] 










tmp=select_bus_a tmp=rank_8 tmp=register_load_ 


_byte_2 tmp=select_ 


_byte_2 




ram=qpl ppf t) 1 "] ^ Pi 1" Pi TTl=b 1 1 53 W T "1 1~ P T PiXX\ = 1 "1 = CTT) 1 " 

_1_ OL ILL i^J V_- -1— \ — ' \ ' d v^> OL _L_ OL ILL 1^1 i^J) VV _L_ _1_ \ - _1_ OL ILL 1 \-A _L_ / 










// RAM/" 7 7 <*= TMPr7'Dl 










ra.m=select bus a. ra.m=loa.cl ra.m=i 










-|- m"n= c; p» 1 p»r , i~ hn ^ ^itit^t^ n lc 1~ lnT^^f^ 1 p > r , i~ fovhP 1 

1 ILL k-" O \3- -L \3 * 1 J^" UL O O. 1 ILL V-J J_ CI 1 1 JV \J • ILL KJ O *3 -L *3 v 1 Jv-/ y 1 v3- 


1 


tmp=bus_wr it e ; 






// RAM f 1+11 <= TMPF15-81 MPC <= § fetch 










r-am=c-f^lf^r---(- "1 "] Q ,P "r^lTl^lo^H "T^m=i 1= (TT) 1 

J_ Q. 1 L L O -L » - 1 UL O CL -1- Q. 1 L L _l_ CL vJ- J_ Cll L L _l_ _l_ ^-j k-' _L 










fmn=^pl opt" V~n n q ^ t nrn = r ^ ri V P "h mT^= c- io 1 npf V^iwh 

L. 1 L IkJ O C -L " O L. __.k_J U. O CL L. 1 L L J_0.11JS. <J L.1L L o *3 _L C L. J^JVL-C 


9 


tmp=bus_wr it e 






a.d.dr=f et ch jump— true ; 








cpi 


3 num i * 










// I <= RAMTPC++1 MPC <= it fetch 










i =^^1 prt V^n ^ ^ i = rprri ctpi" 1 dPic\ 

_1_ O ^ _1_ ^ ^ . 1 i^/ L-i O O. _i_ J_ _1_ O 1 J_ _1_ W C3. 










-L CL ILL OC-LCL 1 i^J L-L O CL J_ CL L L L LLO WJ__LI C -L CL L L L KJ KJ LLU J_ 










addr=fetch jurnp = t rue ; 








cpi 


3_num_j : 










// J <= RAM[PC++] , MPC <= # fetch 










j=select_bus_a j=register_load 










ram=select_bus_a ram=bus_write ram=p pc=dpl 










addr=fetch jump=true; 








cpi 

IT 


3_num_a : 










// A <= RAM[PC++] , MPC <= # fetch 










a=select_bus_a a=register_load 










ram=select_bus_a ram=bus_write ram=p pc=dpl 










addr=fetch jump=true; 








cpi 


3_num_b : 










// B <= RAM[PC++], MPC <= # fetch 










b=select_bus_a b=register_load 










ram=select_bus_a ram=bus_write ram=p pc=dpl 










addr=fetch jump=true; 
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cp8_mi_a : 

// A <= RAM [I], MPC <= # fetch 

a=select_bus_a a=register_load 
ram=select_bus_a ram=bus_write ram=i 
addr=fetch jump=true; 

cp8_mi_b : 

// B <= RAM [I], MPC <= # fetch 
b=select_bus_a b=register_load 
ram=select_bus_a ram=bus_write ram=i 
addr=fetch jump=true; 

cp8_m j_a : 

// A <= RAM [J], MPC <= # fetch 
a=select_bus_a a=register_load 
ram=select_bus_a ram=bus_write ram=j 
addr=fetch jump=true; 

cp8_m j_b : 

// B <= RAM [J], MPC <= # fetch 
b=select_bus_a b=register_load 
ram=select_bus_a ram=bus_write ram=j 
addr=fetch jump=true; 

cp8_a_mi : 

// RAM [I] <= B, MPC <= # fetch 
ram=select_bus_a ram=load ram=i 
a=select_bus_a a=bus_write 
addr=fetch jump=true; 

cp8_a_mj : 

// RAM [J] <= B, MPC <= # fetch 
ram=select_bus_a ram=load ram=j 
a=select_bus_a a=bus_write 
addr=fetch jump=true; 

cp8_b_mi : 

// RAM [I] <= B, MPC <= # fetch 
ram=select_bus_a ram=load ram=i 
b=select_bus_a b=bus_write 
addr=fetch jump=true; 

cp8_b_mj : 

// RAM [J] <= B, MPC <= # fetch 
ram=select_bus_a ram=load ram=j 
b=select_bus_a b=bus_write 
addr=fetch jump=true; 

cp8_num_mi : 
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// TMP <= RAM[PC++] 

tmp=select_bus_a tmp=register_load 

ram=select_bus_a ram=bus_write ram=p pc=dpl; 

// RAM [I] <= TMP, MPC <= # fetch 

ram=select_bus_a ram=load ram=i 

tmp=select_bus_a tmp=bus_write 

addr=fetch jump=true; 
cp8_num_m j : 

// TMP <= RAM[PC++] 

tmp=select_bus_a tmp=register_load 

ram=select_bus_a ram=bus_write ram=p pc=dpl; 

// RAM [J] <= TMP, MPC <= # fetch 

ram=select_bus_a ram=load ram=j 

tmp=select_bus_a tmp=bus_write 

addr=fetch jump=true; 
cp8__mi_m j : 

// TMP <= RAM [I ] 

tmp=select_bus_a tmp=register_load 
ram=select_bus_a ram=bus_write ram=i; 
// RAM[J] <= TMP, MPC <= # fetch 
ram=select_bus_a ram=load ram=j 
tmp=select_bus_a tmp=bus_write 
addr=fetch jump=true; 
cp8__m j_mi : 

// TMP <= RAM[J] 

tmp=select_bus_a tmp=register_load 
ram=select_bus_a ram=bus_write ram=j; 
// RAM [I] <= TMP, MPC <= # fetch 
ram=select_bus_a ram=load ram=i 
tmp=select_bus_a tmp=bus_write 
addr=fetch jump=true; 
push_i : 

// RAM[ — SP] <= I [15: 8] 

ram=select_bus_a ram=load ram=s sp=qml sp=qup 
i=select_bus_a i=rank_8 i=select_byte_2 i=bus_write; 
// RAM[ — SP] <= I [7:0], MPC <= # fetch 
ram=select_bus_a ram=load ram=s sp=qml sp=qup 
i=select_bus_a i=rank_8 i=select_byte_l i=bus_write 
addr=fetch jump=true; 
push_j : 

// RAM[ — SP] <= J[15:8] 
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ram=select_bus_a ram=load ram=s sp=qml sp=qup 




j=select_bus_a j=rank_8 j=select_byte_2 j=bus_ 


_wr it e ; 


// RAM[ — SP] <= J [7:0], MPC <= # fetch 




ram=select_bus_a ram=load ram=s sp=qml sp=qup 




j=select bus a j=rank 8 j=select byte 1 j=bus_ 


write 


addr= fetch jump=true; 




push_a : 




// RAM[ — SP] <= A[15:8] 




ram=select_bus_a ram=load ram=s sp=qml sp=qup 




a=select_bus_a a=rank_8 a=select_byte_2 a=bus_ 


_wr it e ; 


// RAM[ — SP] <= A[7:0], MPC <= # fetch 




ram=select_bus_a ram=load ram=s sp=qml sp=qup 




a=select bus a a=rank 8 a=select byte 1 a=bus_ 


write 


addr=fetch jump=true; 




push_b : 




// RAM[ — SP] <= B[15:8] 




ram=select_bus_a ram=load ram=s sp=qml sp=qup 




b=select_bus_a b=rank_8 b=select_byte_2 b=bus_ 


_wr it e ; 


// RAM[ — SP] <= B[7:0], MPC <= # fetch 




ram=select_bus a ram=load ram=s sp=qml sp=qup 




b=select_bus_a b=rank_8 b=select_byte_l b=bus_ 


_writ e 


addr=fetch jump=true; 




push__bp : 




// RAM[ — SP] <= BP [15: 8] 




ram=select_bus_a ram=load ram=s sp=qml sp=qup 




bp=select_bus_a bp=rank_8 bp=select_byte_2 bp= 


=bus_wr it e ; 


// RAM[ — SP] <= BP [7:0], MPC <= # fetch 




ram=select_bus_a ram=load ram=s sp=qml sp=qup 




bp=select_bus_a bp=rank_8 bp=select_byte_l bp= 


=bus write 


addr=fetch jump=true; 




push_sp : 




// RAM[ — SP] <= SP[15:8] 




ram=select_bus_a ram=load ram=s sp=qml sp=qup 




sp=select_bus_a sp=rank_8 sp=select_byte_2 sp= 


=bus_wr it e ; 


// RAM[ — SP] <= SP[7:0], MPC <= # fetch 




ram=select_bus_a ram=load ram=s sp=qml sp=qup 




sp=select bus a sp=rank 8 sp=select byte 1 sp= 


=bus write 


addr=fetch jump=true; 




push_c : 




// RAM[ — SP] <= C[15:8] 




ram=select_bus_a ram=load ram=s sp=qml sp=qup 
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c=select_bus_a c=rank_8 c=select_byte_2 c=bus_write; 
// RAM[ — SP] <= C[7:0], MPC <= # fetch 

ram=select_bus_a ram=load ram=s sp=qml sp=qup 
c=select_bus_a c=rank_8 c=select_byte_l c=bus_write 
addr=f etch jump=true; 
push_f 1 : 

// RAM[ — SP] <= FL[15:8] 

ram=select_bus_a ram=load ram=s sp=qml sp=qup 
f l=select_bus_a fl=rank_8 f l=select_byte_2 f l=bus_write; 
// RAM[ — SP] <= FL[7:0] , MPC <= # fetch 
ram=select_bus_a ram=load ram=s sp=qml sp=qup 
f l=select_bus_a fl=rank_8 f l=select_byte_l fl=bus_write 
addr=fetch jump=true; 
push_num : 

// TMP[7:0] <= RAM[PC++] 

tmp=select_bus_a tmp=rank_8 tmp=register_load_byte_l tmp=select_byte_l 
ram=select_bus_a ram=bus_write ram=p pc=dpl; 
// TMP[15:8] <= RAM[PC++] 

tmp=select_bus_a tmp=rank_8 tmp=register_load_byte_2 tmp=select_byte_2 
ram=select_bus_a ram=bus_write ram=p pc=dpl; 
// RAM[ — SP] <= TMP[15:8] 

ram=select_bus_a ram=load ram=s sp=qml sp=qup 

tmp=select_bus_a tmp=rank_8 tmp=select_byte_2 tmp=bus_write ; 
// RAM[ — SP] <= TMP[7:0], MPC <= # fetch 

ram=select_bus_a ram=load ram=s sp=qml sp=qup 
tmp=select_bus_a tmp=rank_8 tmp=select_byte_l tmp=bus_write 
addr=fetch jump=true; 
push_mi : 

// TMP[7:0] <= RAM [I] 

tmp=select_bus_a tmp=rank_8 tmp=register_load_byte_l tmp=select_byte_l 
ram=select_bus_a ram=bus_write ram=i; 
// TMP[15:8] <= RAM[I+1] 

tmp=select_bus_a tmp=rank_8 tmp=register_load_byte_2 tmp=select_byte_2 
ram=select_bus_a ram=bus_write ram=i i=qpl; 
// RAM[ — SP] <= TMP[15:8] 

ram=select_bus_a ram=load ram=s sp=qml sp=qup 

tmp=select_bus_a tmp=rank_8 tmp=select_byte_2 tmp=bus_write ; 
// RAM[ — SP] <= TMP[7:0], MPC <= # fetch 

ram=select_bus_a ram=load ram=s sp=qml sp=qup 
tmp=select_bus_a tmp=rank_8 tmp=select_byte_l tmp=bus_write 
addr=fetch jump=true; 
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push_m j : 

// TMP[7:0] <= RAM [J] 

tmp=select_bus_a tmp=rank_8 tmp=register_load_byte_l tmp=select_byte_l 
ram=select_bus_a ram=bus_write ram=j; 
// TMP[15:8] <= RAM[J+1] 

tmp=select_bus_a tmp=rank_8 tmp=register_load_byte_2 tmp=select_byte_2 
ram=select_bus_a ram=bus_write ram=j j=qpl; 
// RAM[ — SP] <= TMP[15:8] 

ram=select_bus_a ram=load ram=s sp=qml sp=qup 

tmp=select_bus_a tmp=rank_8 tmp=select_byte_2 tmp=bus_write ; 
// RAM[ — SP] <= TMP[7:0], MPC <= # fetch 

ram=select_bus_a ram=load ram=s sp=qml sp=qup 
tmp=select_bus_a tmp=rank_8 tmp=select_byte_l tmp=bus_write 
addr=fetch jump=true; 
pop_i : 

// I [7:0] <= RAM[SP++] 

i=select_bus_a i=rank_8 i=register_load_byte_l i=select_byte_l 
ram=select_bus_a ram=bus_write ram=s sp=dpl; 
// I [15: 8] <= RAM[SP++] , MPC <= # fetch 

i=select_bus_a i=rank_8 i=register_load_byte_2 i=select_byte_2 
ram=select_bus_a ram=bus_write ram=s sp=dpl 
addr=fetch jump=true; 
pop_j : 

// J [7:0] <= RAM[SP++] 

j=select_bus_a j=rank_8 j=register_load_byte_l j=select_byte_l 
ram=select_bus_a ram=bus_write ram=s sp=dpl; 
// J[15:8] <= RAM[SP++] , MPC <= # fetch 

j=select_bus_a j=rank_8 j=register_load_byte_2 j=select_byte_2 
ram=select_bus_a ram=bus_write ram=s sp=dpl 
addr=fetch jump=true; 
pop_a : 

// A [7:0] <= RAM[SP++] 

a=select_bus_a a=rank_8 a=register_load_byte_l a=select_byte_l 
ram=select_bus_a ram=bus_write ram=s sp=dpl; 
// A[15:8] <= RAM[SP++] , MPC <= # fetch 

a=select_bus_a a=rank_8 a=register_load_byte_2 a=select_byte_2 
ram=select_bus_a ram=bus_write ram=s sp=dpl 
addr=fetch jump=true; 
pop_b : 

// B[7:0] <= RAM[SP++] 

b=select_bus_a b=rank_8 b=register_load_byte_l b=select_byte_l 
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ram=select_bus_a ram=bus_write ram=s sp=dpl; 
// B[15:8] <= RAM[SP++] , MPC <= # fetch 

b=select_bus_a b=rank_8 b=register_load_byte_2 b=select_byte_2 
ram=select_bus_a ram=bus_write ram=s sp=dpl 
addr=fetch jump=true; 
pop_bp : 

// BP [7:0] <= RAM[SP++] 

bp=select_bus_a bp=rank_8 bp=register_load_byte_l bp=select_byte_l 
ram=select_bus_a ram=bus_write ram=s sp=dpl; 
// BP [15: 8] <= RAM[SP++], MPC <= # fetch 

bp=select_bus_a bp=rank_8 bp=register_load_byte_2 bp=select_byte_2 
ram=select_bus_a ram=bus_write ram=s sp=dpl 
addr=fetch jump=true; 
pop_sp : 

// SP[7:0] <= RAM[SP++] 

sp=select_bus_a sp=rank_8 sp=register_load_byte_l sp=select_byte_l 
ram=select_bus_a ram=bus_write ram=s sp=dpl; 
// SP[15:8] <= RAM[SP++] , MPC <= # fetch 

sp=select_bus_a sp=rank_8 sp=register_load_byte_2 sp=select_byte_2 
ram=select_bus_a ram=bus_write ram=s sp=dpl 
addr=fetch jump=true; 
pop_c : 

// C[7:0] <= RAM[SP++] 

c=select_bus_a c=rank_8 c=register_load_byte_l c=select_byte_l 
ram=select_bus_a ram=bus_write ram=s sp=dpl; 
// C[15:8] <= RAM[SP++] , MPC <= # fetch 

c=select_bus_a c=rank_8 c=register_load_byte_2 c=select_byte_2 
ram=select_bus_a ram=bus_write ram=s sp=dpl 
addr=fetch jump=true; 
pop_f 1 : 

// FL[7:0] <= RAM[SP++] 

f l=select_bus_a fl=rank_8 f l=register_load_byte_l f l=select_byte_l 
ram=select_bus_a ram=bus_write ram=s sp=dpl; 
// FL[15:8] <= RAM[SP++], MPC <= # fetch 

f l=select_bus_a fl=rank_8 f l=register_load_byte_2 f l=select_byte_2 
ram=select_bus_a ram=bus_write ram=s sp=dpl 
addr=fetch jump=true; 
pop_mi : 

// TMP[7:0] <= RAM[SP++] 

tmp=select_bus_a tmp=rank_8 tmp=register_load_byte_l tmp=select_byte_l 
ram=select_bus_a ram=bus_write ram=s sp=dpl; 
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// TMP[15:8] <= RAM[SP++], MPC <= # fetch 

tmp=select_bus_a tmp=rank_8 tmp=register_load_byte_2 tmp=select_byte_2 
ram=select_bus_a ram=bus_write ram=s sp=dpl; 
// RAM [I] <= TMP[7:0] 

ram=select_bus_a ram=load ram=i 

tmp=select_bus_a tmp=rank_8 tmp=select_byte_l tmp=bus_write ; 
// RAM[I+1] <= TMP[15:8] , MPC <= # fetch 

ram=select_bus_a ram=load ram=i i=qpl 

tmp=select_bus_a tmp=rank_8 tmp=select_byte_2 tmp=bus_write 
addr=fetch jump=true; 
pop_m j : 

// TMP[7:0] <= RAM[SP++] 

tmp=select_bus_a tmp=rank_8 tmp=register_load_byte_l tmp=select_byte_l 
ram=select_bus_a ram=bus_write ram=s sp=dpl; 
// TMP[15:8] <= RAM[SP++], MFC <= # fetch 

tmp=select_bus_a tmp=rank_8 tmp=register_load_byte_2 tmp=select_byte_2 
ram=select_bus_a ram=bus_write ram=s sp=dpl; 
// RAM [J] <= TMP[7:0] 

ram=select_bus_a ram=load ram=j 

tmp=select_bus_a tmp=rank_8 tmp=select_byte_l tmp=bus_write ; 
// RAM[J+1] <= TMP[15:8], MPC <= # fetch 

ram=select_bus_a ram=load ram=j j=qpl 

tmp=select_bus_a tmp=rank_8 tmp=select_byte_2 tmp=bus_write 
addr=fetch jump=true; 
push8_i : 

// RAM[ — SP] <= I, MPC <= # fetch 

ram=select_bus_a ram=load ram=s sp=qml sp=qup 
i=select_bus_a i=bus_write 
addr=fetch jump=true; 
push8_j : 

// RAM[ — SP] <= J, MPC <= # fetch 

ram=select_bus_a ram=load ram=s sp=qml sp=qup 
j=select_bus_a j=bus_write 
addr=fetch jump=true; 
push8_a : 

// RAM[ — SP] <= A, MPC <= # fetch 

ram=select_bus_a ram=load ram=s sp=qml sp=qup 
a=select_bus_a a=bus_write 
addr=fetch jump=true; 
push8_b : 

// RAM[ — SP] <= B, MPC <= # fetch 
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ram=select bus a ram=load ram=s sp= 


=qml 


sv- 




b=select_bus_a b=bus_write 








addr=fetch jump=true; 








push8_bp : 








// RAM[ — SP] <= BP, MPC <= # fetch 








ram=select bus a ram=load ram=s sp= 


=qml 


sp= 


=qup 


bp=select bus_a bp=bus write 








addr=fetch jump=true; 








push8_sp : 








// RAM[ — SP] <= SP, MPC <= # fetch 








ram=select bus a ram=load ram=s sp= 


=qml 


SP = 


= CTUP 


sp=select bus a sp=bus write 








addr=fetch jump=true; 








push8_c : 








// RAM[ — SP] <= C, MPC <= # fetch 








ram=select_bus_a ram=load ram=s sp= 


=qml 


sp= 

IT 


= QUP 


c=select bus a c=bus write 








addr=fetch jump=true; 








push8_f 1 : 








// RAM[ — SP] <= FL, MPC <= # fetch 








ram=select_bus_a ram=load ram=s sp= 


=qml 


sp= 


= QUP 


f l=select bus a fl=bus write 








addr=fetch jump=true; 








push8_num : 








// TMP <= RAM[PC++] 








tmp=select_bus_a tmp=register_load 








ram=select_bus_a ram=bus_write ram= 


=p pc 

It It 


=dpl ; 


// RAM[ — SP] <= TMP, MPC <= # fetch 








ram=select bus a ram=load ram=s sp= 


=qml 


sp= 


=qup 


tmp=select bus a tmp=bus write 








addr=fetch jump=true; 








push8_mi : 








// TMP <= RAM [I] 








tmp=select_bus_a tmp=register_load 








ram=select_bus_a ram=bus_write ram= 


= i ; 






// RAM[ — SP] <= TMP, MPC <= # fetch 








ram=select bus a ram=load ram=s sp= 


=qml 


sp= 


=qup 


tmp=select_bus_a tmp=bus_write 








addr=fetch jump=true; 








push8_mj : 








// TMP <= RAM [J] 
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tmp=select_bus_a tmp=register_load 










ram=select_bus_a ram=bus_write ram= 


j; 








// RAM[ — SP] <= TMP, MPC <= # fetch 










ram=select_bus_a ram=load ram=s sp= 


qml 


sp=qup 




tmp=select_bus_a tmp=bus_write 










addr=fetch jump=true; 








pop£ 


3_i : 










// I <= RAM[SP++] , MPC <= # fetch 










i=select_bus_a i=register_load 










ram=select_bus_a ram=bus_write ram= 


s 


SD 


=dpl 




addr=fetch jump=true; 








popf 

r r 


3 j : 










// J <= RAM[SP++] , MPC <= # fetch 










j=select_bus_a j=register_load 










ram=select_bus_a ram=bus_write ram= 


s 


sp 


=dpl 




addr=fetch jump=true; 








popf 


3_a: 










// A <= RAM[SP++] , MPC <= # fetch 










a=select_bus_a a=register_load 










ram=select_bus_a ram=bus_write ram= 


s 


sp 


=dpl 




addr=fetch jump=true; 








pop£ 


3_b: 










// B <= RAM[SP++] , MPC <= # fetch 










b=select_bus_a b=register_load 










ram=select_bus_a ram=bus_write ram= 


s 


sp 


=dpl 




addr=fetch jump=t rue ; 








popf 


3_bp : 










// BP <= RAM[SP++] , MPC <= # fetch 










bp=select_bus_a bp=register_load 










ram=select_bus_a ram=bus_write ram= 


s 


sp 


=dpl 




addr=fetch jump=true; 








pop! 


3_sp : 










// SP <= RAM[SP++] , MPC <= # fetch 










sp=select_bus_a sp=register_load 










ram=select_bus_a ram=bus_write ram= 


s 


SP 


=dpl 




addr=fetch jump=true; 








pop£ 


3_c : 










// C <= RAM[SP++] , MPC <= # fetch 










c=select_bus_a c=register_load 










ram=select_bus_a ram=bus_write ram= 


s 


sp 


=dpl 




addr=fetch jump=true; 
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pop8_f 1 : 






// FL <= RAM[SP++] , MPC <= # fetch 






f l=select_bus_a f l=register_load 






ram=select_bus_a ram=bus_write ram=s sp=dpl 






addr=fetch jump=true; 






pop8_mi : 






// TMP <= RAM[SP++] 






tmp=select_bus_a tmp=register_load 






ram=select_bus a ram=bus write ram=s sp=dpl; 






// RAM [I] <= TMP, MPC <= # fetch 






ram=select_bus_a ram=load ram=i 






tmp=select_bus_a tmp=bus_write 






addr=fetch jump=true; 






pop8_m j : 






// TMP <= RAM[SP++] 






tmp=select_bus_a tmp=register_load 






ram=select_bus a ram=bus write ram=s sp=dpl; 






// RAM [J] <= TMP, MPC <= # fetch 






ram=select_bus_a ram=load ram=j 






tmp=select_bus_a tmp=bus_write 






addr=fetch jump=true; 






jump : 






// TMP [7:0] <= RAM[PC++] 






tmp=select_bus_a tmp=rank_8 tmp=register_load_ 


_byte_ 


_1 tmp=select_byte_l 


ram=select_bus_a ram=bus_write ram=p pc=dpl; 






// TMP [15 : 8] <= RAM[PC++] 






tmp=select bus_a tmp=rank 8 tmp=register load 


_byte_ 


2 tmp=select_byte 2 


ram=select_bus_a ram=bus_write ram=p pc=dpl; 






// PC <= TMP, MPC <= #fetch 






pc=select_bus_a pc=rank_16 pc=register_load 






tmp=select_bus_a tmp=rank_16 tmp=bus_write 






addr=fetch jump=true; 






jump_nc : 






addr=jump jump=carry_f ; 






// condition failed: ignore argument and jump 


to next instruction 


pc=gp2 pc=gup addr=fetch iump=true; 

J. J. J. J. _L J_ ^ _J £ f 






j ump c : 






addr=jump jump=carry_t ; 






// condition failed: ignore argument and jump 


to next instruction 


pc=qp2 pc=qup addr=fetch jump=true; 






jump_nz : 
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addr=jump jump=zero_f ; 










// condition failed: ignore argument and 


jump 


to 


next 


instruction 


pc=qp2 pc=qup addr=fetch iump=true; 










jump_z : 










addr=jump jump=zero_t; 










// condition failed: ignore argument and 


jump 


to 


next 


instruction 


pc=qp2 pc=qup addr=fetch jump=true; 










jump_nn : 










addr=jump jump=negative_f ; 










// condition failed: ignore argument and 


jump 


to 


next 


instruction 


pc=qp2 pc=qup addr=fetch jump=true; 










j ump_n : 










addr=jump jump=negative_t ; 










// condition failed: ignore argument and 


jump 


to 


next 


instruction 


pc=qp2 pc=qup addr=fetch jump=true; 










jump_no : 










addr=jump jump=overf low_f ; 










// condition failed: ignore argument and 


jump 


to 


next 


instruction 


pc=qp2 pc=qup addr=fetch jump=true; 










j ump_o : 










addr=jump jump=overf low t; 










// condition failed: ignore argument and 


jump 


to 


next 


instruction 


pc=qp2 pc=qup addr=fetch jump=t rue ; 










// 










equal : 










// C <= A (FL updated) , MPC <= #fetch 










a=select_bus_a a=rank_16 a=bus_write 










c=select_bus_b c=rank_16 c=register_load 










f l=select_bus_b fl=rank_16 f l=register_load 








alu=a alu=rank_16 










addr=fetch jump=true; 










not : 










// C <= ~A (FL updated), MPC <= # fetch 










a=select_bus_a a=rank_16 a=bus_write 










c=select_bus_b c=rank_16 c=register_load 










f l=select_bus_b fl=rank_16 f l=register_load 








alu=not alu=rank_16 










addr=fetch jump=true; 










and : 










// C <= A&B (FL updated), MPC <= # fetch 










a=select_bus_a a=rank_16 a=bus_write 
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b=select_bus_b b=rank_16 b=bus_write 
c=select_bus_b c=rank_16 c=register_load 
f l=select_bus_b fl=rank_16 f l=register_load 
alu=and alu=rank_16 
addr=fetch jump=true; 
nand : 

// C <= ~(A&B) (FL updated), MPC <= # fetch 

a=select_bus_a a=rank_16 a=bus_write 
b=select_bus_b b=rank_16 b=bus_write 
c=select_bus_b c=rank_16 c=register_load 
f l=select_bus_b fl=rank_16 f l=register_load 
alu=nand alu=rank_16 
addr=fetch jump=true; 

or : 

// C <= A/B (FL updated), MPC <= # fetch 

a=select_bus_a a=rank_16 a=bus_write 
b=select_bus_b b=rank_16 b=bus_write 
c=select_bus_b c=rank_16 c=register_load 
f l=select_bus_b fl=rank_16 f l=register_load 
alu=or alu=rank_16 
addr=fetch jump=true; 

nor : 

// C <= ~(AIB) (FL updated), MPC <= # fetch 

a=select_bus_a a=rank_16 a=bus_write 
b=select_bus_b b=rank_16 b=bus_write 
c=select_bus_b c=rank_16 c=register_load 
f l=select_bus_b fl=rank_16 f l=register_load 
alu=nor alu=rank_16 
addr=fetch jump=true; 

xor : 

// C <= A A B (FL updated) , MPC <= #fetch 

a=select_bus_a a=rank_16 a=bus_write 
b=select_bus_b b=rank_16 b=bus_write 
c=select_bus_b c=rank_16 c=register_load 
f l=select_bus_b fl=rank_16 f l=register_load 
alu=xor alu=rank_16 
addr=fetch jump=true; 
nxor : 

// C <= ~(A*B) (FL updated), MPC <= # fetch 

a=select_bus_a a=rank_16 a=bus_write 
b=select_bus_b b=rank_16 b=bus_write 
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c=select_bus_b c=rank_16 c=register_load 
f l=select_bus_b fl=rank_16 f l=register_load 
alu=nxor alu=rank_16 
addr=fetch jump=true; 

add : 

// C <= A+B (FL updated), MPC <= # fetch 

a=select_bus_a a=rank_16 a=bus_write 
b=select_bus_b b=rank_16 b=bus_write 
c=select_bus_b c=rank_16 c=register_load 
f l=select_bus_b fl=rank_16 f l=register_load 
alu=add alu=rank_16 
addr=fetch jump=true; 

sub : 

// C <= A-B (FL updated), MPC <= # fetch 

a=select_bus_a a=rank_16 a=bus_write 
b=select_bus_b b=rank_16 b=bus_write 
c=select_bus_b c=rank_16 c=register_load 
f l=select_bus_b fl=rank_16 f l=register_load 
alu=sub alu=rank_16 
addr=fetch jump=true; 
addc : 

// C <= A+B+carry (FL updated), MPC <= #fetch 

a=select_bus_a a=rank_16 a=bus_write 
b=select_bus_b b=rank_16 b=bus_write 
c=select_bus_b c=rank_16 c=register_load 
f l=select_bus_b fl=rank_16 f l=register_load 
alu=addc alu=rank_16 
addr=fetch jump=true; 
subb : 

// C <= A-B-borrow (FL updated) , MPC <= # fetch 

a=select_bus_a a=rank_16 a=bus_write 
b=select_bus_b b=rank_16 b=bus_write 
c=select_bus_b c=rank_16 c=register_load 
f l=select_bus_b fl=rank_16 f l=register_load 
alu=subb alu=rank_16 
addr=fetch jump=true; 
lshl : 

// C <= lshl (A) (FL updated), MPC <= # fetch 

a=select_bus_a a=rank_16 a=bus_write 

c=select_bus_b c=rank_16 c=register_load 

f l=select_bus_b fl=rank_16 f l=register_load 
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alu=lshl alu=rank_16 
addr=fetch jump=true; 
lshr : 

// C <= lshr (A) (FL updated), MPC <= # fetch 

a=select_bus_a a=rank_16 a=bus_write 
c=select_bus_b c=rank_16 c=register_load 
f l=select_bus_b fl=rank_16 f l=register_load 
alu=lshr alu=rank_16 
addr=fetch jump=true; 
ashl : 

// C <= ashl (A) (FL updated) , MPC <= # fetch 

a=select_bus_a a=rank_16 a=bus_write 
c=select_bus_b c=rank_16 c=register_load 
f l=select_bus_b fl=rank_16 f l=register_load 
alu=ashl alu=rank_16 
addr=fetch jump=true; 
ashr : 

// C <= ashr (A) (FL updated), MPC <= # fetch 

a=select_bus_a a=rank_16 a=bus_write 
c=select_bus_b c=rank_16 c=register_load 
f l=select_bus_b fl=rank_16 f l=register_load 
alu=ashr alu=rank_16 
addr=fetch jump=true; 
rotcl : 

// C <= rotcl (A) (FL updated) , MPC <= # fetch 

a=select_bus_a a=rank_16 a=bus_write 
c=select_bus_b c=rank_16 c=register_load 
f l=select_bus_b fl=rank_16 f l=register_load 
alu=rotcl alu=rank_16 
addr=fetch jump=true; 
rot cr : 

// C <= rotcr(A) (FL updated), MPC <= # fetch 

a=select_bus_a a=rank_16 a=bus_write 
c=select_bus_b c=rank_16 c=register_load 
f l=select_bus_b fl=rank_16 f l=register_load 
alu=rotcr alu=rank_16 
addr=fetch jump=true; 
rotl : 

// C <= rotl (A) (FL updated), MPC <= # fetch 

a=select_bus_a a=rank_16 a=bus_write 
c=select_bus_b c=rank_16 c=register_load 
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f l=select_bus_b fl=rank_16 f l=register_load 
alu=rotl alu=rank_16 
addr=fetch jump=true; 
rot r : 

// C <= rotr(A) (FL updated), MPC <= # fetch 

a=select_bus_a a=rank_16 a=bus_write 
c=select_bus_b c=rank_16 c=register_load 
f l=select_bus_b fl=rank_16 f l=register_load 
alu=rotr alu=rank_16 
addr=fetch jump=true; 
add8 : 

// C <= A[7:0]+B[7:0] (FL updated), MPC <= # fetch 

a=select_bus_a a=bus_write 
b=select_bus_b b=bus_write 
c=select_bus_b c=register_load 
f l=select_bus_b fl=rank_16 f l=register_load 
alu=add alu=rank_8 
addr=fetch jump=true; 
sub8 : 

// C <= A[7:0]+B[7:0] (FL updated), MPC <= # fetch 

a=select_bus_a a=bus_write 
b=select_bus_b b=bus_write 
c=select_bus_b c=register_load 
f l=select_bus_b fl=rank_16 f l=register_load 
alu=sub alu=rank_8 
addr=fetch jump=true; 
add8c : 

// C <= A[7:0]+B[7:0] (FL updated), MPC <= # fetch 

a=select_bus_a a=bus_write 
b=select_bus_b b=bus_write 
c=select_bus_b c=register_load 
f l=select_bus_b fl=rank_16 f l=register_load 
alu=addc alu=rank_8 
addr=fetch jump=true; 
sub8b : 

// C <= A[7:0]+B[7:0] (FL updated), MPC <= # fetch 

a=select_bus_a a=bus_write 

b=select_bus_b b=bus_write 

c=select_bus_b c=register_load 

f l=select_bus_b fl=rank_16 f l=register_load 

alu=subb alu=rank_8 
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addr=f etch jump=true; 
lsh81 : 

// C <= A[7:0]+B[7:0] (FL updated), MPC <= # fetch 

a=select_bus_a a=bus_write 
c=select_bus_b c=register_load 
f l=select_bus_b fl=rank_16 f l=register_load 
alu=lshl alu=rank_8 
addr=fetch jump=true; 
lsh8r : 

// C <= A[7:0]+B[7:0] (FL updated), MPC <= # fetch 

a=select_bus_a a=bus_write 
c=select_bus_b c=register_load 
f l=select_bus_b fl=rank_16 f l=register_load 
alu=lshr alu=rank_8 
addr=fetch jump=true; 
ash81 : 

// C <= A[7:0]+B[7:0] (FL updated), MPC <= # fetch 

a=select_bus_a a=bus_write 
c=select_bus_b c=register_load 
f l=select_bus_b fl=rank_16 f l=register_load 
alu=ashl alu=rank_8 
addr=fetch jump=true; 
ash8r : 

// C <= A[7:0]+B[7:0] (FL updated), MPC <= # fetch 

a=select_bus_a a=bus_write 
c=select_bus_b c=register_load 
f l=select_bus_b fl=rank_16 f l=register_load 
alu=ashr alu=rank_8 
addr=fetch jump=true; 
rot8cl : 

// C <= A[7:0]+B[7:0] (FL updated), MPC <= # fetch 

a=select_bus_a a=bus_write 
c=select_bus_b c=register_load 
f l=select_bus_b fl=rank_16 f l=register_load 
alu=rotcl alu=rank_8 
addr=fetch jump=true; 
rot 8cr : 

// C <= A[7:0]+B[7:0] (FL updated), MPC <= # fetch 

a=select_bus_a a=bus_write 

c=select_bus_b c=register_load 

f l=select_bus_b fl=rank_16 f l=register_load 
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alu=rotcr alu=rank_8 
addr=f etch jump=true; 
rot81 : 

// C <= A[7:0]+B[7:0] (FL updated), MPC <= # fetch 

a=select_bus_a a=bus_write 
c=select_bus_b c=register_load 
f l=select_bus_b fl=rank_16 f l=register_load 
alu=rotl alu=rank_8 
addr=fetch jump=true; 
rot 8r : 

// C <= A[7:0]+B[7:0] (FL updated), MPC <= # fetch 

a=select_bus_a a=bus_write 

c=select_bus_b c=register_load 

f l=select_bus_b fl=rank_16 f l=register_load 

alu=rotr alu=rank_8 

addr=fetch jump=true; 

cast_uns_a : 

a=select_bus_a a=bus_write 

c=select_bus_b c=register_load 

f l=select_bus_b fl=rank_16 f l=register_load 

alu=a alu=rank_8; 

c=select_bus_a c=bus_write 

a=select_bus_a a=register_load 

addr=fetch jump=true; 
cast_uns_b : 

b=select_bus_a b=bus_write 

c=select_bus_b c=register_load 

f l=select_bus_b fl=rank_16 f l=register_load 

alu=a alu=rank_8; 

c=select_bus_a c=bus_write 

b=select_bus_a b=register_load 

addr=fetch jump=true; 
cast_sig_a : 

a=select_bus_a a=bus_write 

c=select_bus_b c=register_load c=rank_16 

f l=select_bus_b fl=rank_16 f l=register_load 

alu=a alu=rank_8 alu=signed; 

c=select_bus_a c=bus_write c=rank_16 

a=select_bus_a a=register_load a=rank_16 

addr=fetch jump=true; 
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cast s ig b : 










b=select bus a b=bus_write 










c=select bus b c=register load c=rank 16 










fl=select bus b fl=rank 16 fl=register load 










alu=a alu=rank_8 alu=signed; 










c=select bus a c=bus write c=rank 16 










b=select_bus_a b=register_load b=rank_16 










addr=fetch jump=true; 










equal s : 










// A [7:0] <= RAM[SP] 










a=select_bus_a a=rank_8 a=register_load_byte_l 


a= 


select. 


_byt e_ 


.1 


ram=select_bus_a ram=bus_write ram=s; 










// A[15:8] <= RAM[SP+1] 










a=select_bus_a a=rank_8 a=register_load_byte_2 


a= 


select. 


_byt e_ 


.2 


ram=select bus a rarn=bus write ram=s sp=gpl ; 










// C <= A (FL updated) , MPC <= # fetch 










a=select bus a a=rank 16 a=bus write 










c=select bus b c=rank 16 c=register load 










fl=select bus b fl=rank 16 f l=register_load 










alu=a alu=rank 16 










addr=fetch jump=true; 










not s : 










// A [7:0] <= RAM[SP] 










a=select_bus_a a=rank_8 a=register_load_byte_l 


a= 


select. 


_byte_ 


.1 


ram=select_bus_a ram=bus_write ram=s; 










// A[15:8] <= RAM[SP+1] 










a=select_bus_a a=rank_8 a=register_load_byte_2 


a= 


select. 


_byte_ 


.2 


ram=select bus a ram=bus write ram=s sp=qpl ; 










// C <= ~A (FL updated) 










a=select bus a a=rank 16 a=bus write 










c=select bus b c=rank 16 c=register load 










f l=select_bus_b fl=rank_16 f l=register_load 










alu=not alu=rank 16; 










// RAM[SP] <= C[7:0] 










ram=select_bus_a ram=load ram=s 










c=select bus a c=rank 8 c=select_byte 1 c=bus_ 


write ; 






// RAM[SP+1] <= C[15:8], MPC <= # fetch 










ram=select bus a ram=load ram=s sp=qpl 










c=select_bus_a c=rank_8 c=select_byte_2 c=bus_ 


write 






addr=fetch jump=true; 










ands : 
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// B[7:0] <= RAM[SP] 

b=select_bus_a b=rank_8 b=register_load_byte_l b=select_byte_l 
ram=select_bus_a ram=bus_write ram=s; 
// B[15:8] <= RAM[SP+1] 

b=select_bus_a b=rank_8 b=register_load_byte_2 b=select_byte_2 
ram=select_bus_a ram=bus_write ram=s sp=qpl; 
// A [7:0] <= RAM[SP+2] 

a=select_bus_a a=rank_8 a=register_load_byte_l a=select_byte_l 
ram=select_bus_a ram=bus_write ram=s sp=qp2; 
// A [15: 8] <= RAM[SP+3] 

a=select_bus_a a=rank_8 a=register_load_byte_2 a=select_byte_2 

ram=select_bus_a ram=bus_write ram=s sp=qp3; 

// C <= A&B (FL updated) 

a=select_bus_a a=rank_16 a=bus_write 

b=select_bus_b b=rank_16 b=bus_write 

c=select_bus_b c=rank_16 c=register_load 

f l=select_bus_b fl=rank_16 f l=register_load 

alu=and alu=rank_16; 

// RAM[SP=SP+2] <= C[7:0] 

ram=select_bus_a ram=load ram=s sp=qp2 sp=qup 
c=select_bus_a c=rank_8 c=select_byte_l c=bus_write; 
// RAM[SP+1] <= C[15:8] , MPC <= # fetch 
ram=select_bus_a ram=load ram=s sp=qpl 
c=select_bus_a c=rank_8 c=select_byte_2 c=bus_write 
addr=fetch jump=true; 
nands : 

// B[7:0] <= RAM[SP] 

b=select_bus_a b=rank_8 b=register_load_byte_l b=select_byte_l 
ram=select_bus_a ram=bus_write ram=s; 
// B[15:8] <= RAM[SP+1] 

b=select_bus_a b=rank_8 b=register_load_byte_2 b=select_byte_2 
ram=select_bus_a ram=bus_write ram=s sp=qpl; 
// A [7:0] <= RAM[SP+2] 

a=select_bus_a a=rank_8 a=register_load_byte_l a=select_byte_l 
ram=select_bus_a ram=bus_write ram=s sp=qp2; 
// A [15: 8] <= RAM[SP+3] 

a=select_bus_a a=rank_8 a=register_load_byte_2 a=select_byte_2 
ram=select_bus_a ram=bus_write ram=s sp=qp3; 
// C <= ~(A&B) (FL updated) 

a=select_bus_a a=rank_16 a=bus_write 
b=select bus b b=rank 16 b=bus write 
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c=select bus b c=rank 16 c=register load 








f l=select_bus_b fl=rank_16 f l=register_load 








alu=nand alu=rank_16; 








// RAM[SP=SP+2] <= C[7:0] 








ram=select_bus_a ram=load ram=s sp=qp2 sp=qup 








c=select bus a c=rank 8 c=select byte 1 c=bus 


write ; 






// RAM[SP+1] <= C[15:8], MPC <= # fetch 








ram=select_bus_a ram=load ram=s sp=qpl 








c=select bus a c=rank 8 c=select byte 2 c=bus 


write 






addr=fetch jump=true; 








ors : 








// B[7:0] <= RAM[SP] 








b=select_bus_a b=rank_8 b=register_load_byte_l 


b=select_ 


_byte_ 


1 


ram=select_bus_a ram=bus_write ram=s; 








// B[15:8] <= RAM[SP+1] 








b=select_bus_a b=rank_8 b=register_load_byte_2 


b=select_ 


_byt e_ 


_2 


ram=select_bus_a ram=bus_write ram=s sp=qpl; 








// A [7:0] <= RAM[SP+2] 








a=select_bus_a a=rank_8 a=register_load_byte_l 


a=select_ 


_byt e_ 


1 


ram=select_bus_a ram=bus_write ram=s sp=qp2; 








// A[15:8] <= RAM[SP+3] 








a=select_bus_a a=rank_8 a=register_load_byte_2 


a=select_ 


_byt e_ 


_2 


ram=select bus a ram=bus write ram=s sp=qp3 ; 








// C <= A/B (FL updated) 








a=select_bus_a a=rank_16 a=bus_write 








b=select bus b b=rank 16 b=bus write 








c=select bus b c=rank 16 c=register load 








f l=select_bus_b fl=rank_16 f l=register_load 








alu=or alu=rank 16; 








// RAM[SP=SP+2] <= C[7:0] 








ram=select_bus_a ram=load ram=s sp=qp2 sp=qup 








c=select bus a c=rank 8 c=select byte 1 c=bus_ 


write ; 






// RAM[SP+1] <= C[15:8] , MPC <= # fetch 








ram=select_bus_a ram=load ram=s sp=qpl 








c=select bus a c=rank 8 c=select byte 2 c=bus 


write 






addr=fetch jump=true; 








nors : 








// B[7:0] <= RAM[SP] 








b=select_bus_a b=rank_8 b=register_load_byte_l 


b=select_ 


_byte_ 


1 


ram=select_bus_a ram=bus_write ram=s; 








// B[15:8] <= RAM[SP+1] 
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b=select_bus_a b=rank_8 b=register_load_byte_ 


2 


b= 


select. 


_byt e_ 


.2 


ram=select_bus_a ram=bus_write ram=s sp=qpl; 












// A [7:0] <= RAM[SP+2] 












a=select_bus_a a=rank_8 a=register_load_byte_ 


1 


a= 


select. 


_byt e_ 


.1 


ram=select_bus_a ram=bus_write ram=s sp=qp2; 












// A[15:8] <= RAM[SP+3] 












a=select_bus_a a=rank_8 a=register_load_byte_ 


2 


a= 


select. 


_byt e_ 


.2 


ram=select bus a ram=bus write ram=s sp=qp3 ; 












// C <= ~(AIB) (FL updated) 












a=select_bus_a a=rank_16 a=bus_write 












b=select bus b b=rank 16 b=bus write 












c=select bus b c=rank 16 c=register load 












f l=select_bus_b fl=rank_16 f l=register_load 












alu=nor alu=rank_16; 












// RAMFSP=SP+21 <= CF7-01 












ram=select_bus_a ram=load ram=s sp=qp2 sp=qup 












c=select bus a c=rank 8 c=select byte 1 c=bus 




write ; 






// RAM[SP+1] <= C[15:8], MPC <= # fetch 












ram=select_bus_a ram=load ram=s sp=qpl 












c=select bus a c=rank 8 c=select byte 2 c=bus 




write 






addr=fetch jump=true; 












xors : 












// B[7:0] <= RAM[SP] 












b=select_bus_a b=rank_8 b=register_load_byte_ 


1 


b= 


select. 


_byte_ 


.1 


ram=select_bus_a ram=bus_write ram=s; 












// B[15:8] <= RAM[SP+1] 












b=select_bus_a b=rank_8 b=register_load_byte_ 


2 


b= 


select. 


_byt e_ 


.2 


ram=select_bus_a ram=bus_write ram=s sp=qpl; 












// A[7:0] <= RAM[SP+2] 












a=select_bus_a a=rank_8 a=register_load_byte_ 


1 


a= 


select. 


_byt e_ 


.1 


ram=select_bus_a ram=bus_write ram=s sp=qp2; 












// A[15:8] <= RAM[SP+3] 












a=select_bus_a a=rank_8 a=register_load_byte_ 


2 


a= 


select. 


_byt e_ 


.2 


ram=select bus a ram=bus write ram=s sp=qp3 ; 












// C <= A A B (FL updated) 












a=select_bus_a a=rank_16 a=bus_write 












b=select bus b b=rank 16 b=bus write 












c=select bus b c=rank 16 c=register load 












f l=select_bus_b fl=rank_16 f l=register_load 












alu=xor alu=rank_16; 












// RAM[SP=SP+2] <= C[7:0] 
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ram=select_bus_a ram=load ram=s sp=qp2 sp=qup 
c=select_bus_a c=rank_8 c=select_byte_l c=bus_write; 
// RAM[SP+1] <= C[15:8], MPC <= # fetch 
ram=select_bus_a ram=load ram=s sp=qpl 
c=select_bus_a c=rank_8 c=select_byte_2 c=bus_write 
addr=fetch jump=true; 
nxors : 

// B[7:0] <= RAM[SP] 

b=select_bus_a b=rank_8 b=register_load_byte_l b=select_byte_l 
ram=select_bus_a ram=bus_write ram=s; 
// B[15:8] <= RAM[SP+1] 

b=select_bus_a b=rank_8 b=register_load_byte_2 b=select_byte_2 
ram=select_bus_a ram=bus_write ram=s sp=qpl; 
// A [7:0] <= RAM[SP+2] 

a=select_bus_a a=rank_8 a=register_load_byte_l a=select_byte_l 
ram=select_bus_a ram=bus_write ram=s sp=qp2; 
// A [15: 8] <= RAM[SP+3] 

a=select_bus_a a=rank_8 a=register_load_byte_2 a=select_byte_2 

ram=select_bus_a ram=bus_write ram=s sp=qp3; 

// C <= ~(A*B) (FL updated) 

a=select_bus_a a=rank_16 a=bus_write 

b=select_bus_b b=rank_16 b=bus_write 

c=select_bus_b c=rank_16 c=register_load 

f l=select_bus_b fl=rank_16 f l=register_load 

alu=nxor alu=rank_16; 

// RAM[SP=SP+2] <= C[7:0] 

ram=select_bus_a ram=load ram=s sp=qp2 sp=qup 
c=select_bus_a c=rank_8 c=select_byte_l c=bus_write; 
// RAM[SP+1] <= C[15:8], MPC <= # fetch 

ram=select_bus_a ram=load ram=s sp=qpl 
c=select_bus_a c=rank_8 c=select_byte_2 c=bus_write 
addr=fetch jump=true; 
adds : 

// B[7:0] <= RAM[SP] 

b=select_bus_a b=rank_8 b=register_load_byte_l b=select_byte_l 
ram=select_bus_a ram=bus_write ram=s; 
// B[15:8] <= RAM[SP+1] 

b=select_bus_a b=rank_8 b=register_load_byte_2 b=select_byte_2 
ram=select_bus_a ram=bus_write ram=s sp=qpl; 
// A [7:0] <= RAM[SP+2] 

a=select_bus_a a=rank_8 a=register_load_byte_l a=select_byte_l 
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ram=select_bus_a ram=bus_write ram=s sp=qp2; 








// A[15:8] <= RAM[SP+3] 








a=select_bus_a a=rank_8 a=register_load_byte_ 


2 a=select_ 


_byte_ 


_2 


ram=select bus a ram=bus write ram=s sp=qp3 ; 








// C <= A+B (FL updated) 








a=select_bus_a a=rank_16 a=bus_write 








b=select bus b b=rank 16 b=bus write 








c=select bus b c=rank 16 c=register load 








f l=select_bus_b fl=rank_16 f l=register_load 








alu=add alu=rank_16; 








// RAMFSP=SP+21 <= CF7-01 








ram=select_bus_a ram=load ram=s sp=qp2 sp=qup 








c=select_bus a c=rank 8 c=select byte 1 c=bus 


write ; 






// RAM[SP+1] <= C[15:8] , MPC <= # fetch 








ram=select bus a ram=load ram=s sp=qpl 








c=select bus a c=rank 8 c=select byte 2 c=bus 


write 






addr=fetch jump=true; 








subs : 








// B[7:0] <= RAM[SP] 








b=select_bus_a b=rank_8 b=register_load_byte_ 


1 b=select_ 


_byte_ 


1 


ram=select_bus_a ram=bus_write ram=s; 








// B[15:8] <= RAM[SP+1] 








b=select_bus_a b=rank_8 b=register_load_byte_ 


2 b=select_ 


_byt e_ 


_2 


ram=select_bus_a ram=bus_write ram=s sp=qpl; 








// A [7:0] <= RAM[SP+2] 








a=select_bus_a a=rank_8 a=register_load_byte_ 


1 a=select_ 


_byt e_ 


1 


ram=select_bus_a ram=bus_write ram=s sp=qp2; 








// A[15:8] <= RAM[SP+3] 








a=select_bus_a a=rank_8 a=register_load_byte_ 


2 a=select_ 


_byte_ 


_2 


ram=select bus a ram=bus write ram=s sp=qp3 ; 








// C <= A—B (FL updated) 








a=select_bus_a a=rank_16 a=bus_write 








b=select bus b b=rank 16 b=bus write 








c=select bus b c=rank 16 c=register load 








f l=select_bus_b fl=rank_16 f l=register_load 








alu=sub alu=rank_16; 








// RAMFSP=SP+21 <= CF7-01 








ram=select_bus_a ram=load ram=s sp=qp2 sp=qup 








c=select_bus_a c=rank_8 c=select_byte_l c=bus 


_write ; 






// RAM[SP+1] <= C[15:8], MPC <= # fetch 








ram=select_bus_a ram=load ram=s sp=qpl 
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c=select_bus_a c=rank_8 c=select_byte_2 c=bus_write 
addr=fetch jump=true; 
addcs : 

// B[7:0] <= RAM[SP] 

b=select_bus_a b=rank_8 b=register_load_byte_l b=select_byte_l 
ram=select_bus_a ram=bus_write ram=s; 
// B[15:8] <= RAM[SP+1] 

b=select_bus_a b=rank_8 b=register_load_byte_2 b=select_byte_2 
ram=select_bus_a ram=bus_write ram=s sp=qpl; 
// A [7:0] <= RAM[SP+2] 

a=select_bus_a a=rank_8 a=register_load_byte_l a=select_byte_l 
ram=select_bus_a ram=bus_write ram=s sp=qp2; 
// A[15:8] <= RAM[SP+3] 

a=select_bus_a a=rank_8 a=register_load_byte_2 a=select_byte_2 

ram=select_bus_a ram=bus_write ram=s sp=qp3; 

// C <= A+B+carry (FL updated) 

a=select_bus_a a=rank_16 a=bus_write 

b=select_bus_b b=rank_16 b=bus_write 

c=select_bus_b c=rank_16 c=register_load 

f l=select_bus_b fl=rank_16 f l=register_load 

alu=addc alu=rank_16; 

// RAM[SP=SP+2] <= C[7:0] 

ram=select_bus_a ram=load ram=s sp=qp2 sp=qup 
c=select_bus_a c=rank_8 c=select_byte_l c=bus_write; 
// RAM[SP+1] <= C[15:8], MPC <= # fetch 
ram=select_bus_a ram=load ram=s sp=qpl 
c=select_bus_a c=rank_8 c=select_byte_2 c=bus_write 
addr=fetch jump=true; 
subbs : 

// B[7:0] <= RAM[SP] 

b=select_bus_a b=rank_8 b=register_load_byte_l b=select_byte_l 
ram=select_bus_a ram=bus_write ram=s; 
// B[15:8] <= RAM[SP+1] 

b=select_bus_a b=rank_8 b=register_load_byte_2 b=select_byte_2 
ram=select_bus_a ram=bus_write ram=s sp=qpl; 
// A [7:0] <= RAM[SP+2] 

a=select_bus_a a=rank_8 a=register_load_byte_l a=select_byte_l 
ram=select_bus_a ram=bus_write ram=s sp=qp2; 
// A [15: 8] <= RAM[SP+3] 

a=select_bus_a a=rank_8 a=register_load_byte_2 a=select_byte_2 
ram=select_bus_a ram=bus_write ram=s sp=qp3; 
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// C <= A— B— borrow (FL updated) 








a=select_bus_a a=rank_16 a=bus_write 








b=select bus b b=rank 16 b=bus write 








c=select bus b c=rank 16 c=register load 








f l=select_bus_b fl=rank_16 f l=register_load 








alu=subb alu=rank_16; 








// RAMfSP=SP+21 <= Cf7'01 








ram=select_bus_a ram=load ram=s sp=qp2 sp=qup 








c=select_bus a c=rank 8 c=select byte 1 c=bus 


write ; 






// RAM[SP+1] <= C[15:8], MPC <= # fetch 








ram=select bus a ram=load ram=s sp=qpl 








c=select bus a c=rank 8 c=select byte 2 c=bus 


write 






addr=fetch jump=true; 








lshls : 








// AF7-01 <= RAMFSP1 








a=select_bus_a a=rank_8 a=register_load_byte_ 


1 a=select_ 


_byt e_ 


_1 


ram=select_bus_a ram=bus_write ram=s; 








// A[15:8] <= RAM[SP+1] 








a=select_bus_a a=rank_8 a=register_load_byte_ 


2 a=select_ 


_byte_ 


_2 


ram=select bus a ram=bus write ram=s sp=qpl ; 








// C <= lshl (A) (FL updated) 








a=select bus a a=rank 16 a=bus write 








c=select bus b c=rank 16 c=register load 








f l=select_bus_b fl=rank_16 f l=register_load 








alu=lshl alu=rank 16; 








// RAMFSP1 <= CF7-01 








ram=select_bus_a ram=load ram=s 








c=select_bus a c=rank 8 c=select byte 1 c=bus 


write ; 






// RAM[SP+1] <= C[15:8], MPC <= # fetch 








ram=select bus a ram=load ram=s sp=qpl 








c=select bus a c=rank 8 c=select byte 2 c=bus 


write 






addr=fetch jump=true; 








1 shrs : 








// A[7:0] <= RAM[SP] 








a=select_bus_a a=rank_8 a=register_load_byte_ 


1 a=select_ 


_byte_ 


1 


ram=select_bus_a ram=bus_write ram=s; 








// A [15: 8] <= RAM[SP+1] 








a=select_bus_a a=rank_8 a=register_load_byte_ 


2 a=select_ 


_byte_ 


_2 


ram=select_bus_a ram=bus_write ram=s sp=qpl; 








// C <= lshr(A) (FL updated) 








a=select_bus_a a=rank_16 a=bus_write 
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c=select bus b c=rank 16 c=register load 








f l=select_bus_b fl=rank_16 f l=register_load 








alu=lshr alu=rank 16; 








// RAM[SP] <= C[7:0] 








ram=select_bus_a ram=load ram=s 








c=select bus a c=rank 8 c=select byte 1 c=bus 


write ; 






// RAM[SP+1] <= C[15:8], MPC <= # fetch 








ram=select bus a ram=load ram=s sp=qpl 








c=select bus a c=rank 8 c=select byte 2 c=bus 


write 






addr=fetch jump=true; 








ashls : 








// A[7:0] <= RAM[SP] 








a=select_bus_a a=rank_8 a=register_load_byte_ 


1 a=select_ 


_byte_ 


1 


ram=select_bus_a ram=bus_write ram=s; 








// A[15:8] <= RAM[SP+1] 








a=select_bus_a a=rank_8 a=register_load_byte_ 


2 a=select_ 


_byte_ 


_2 


ram=select bus a ram=bus write ram=s sp=qpl ; 








// C <= ashl (A) (FL updated) 








a=select bus a a=rank 16 a=bus write 








c=select bus b c=rank 16 c=register load 








f l=select_bus_b fl=rank_16 f l=register_load 








alu=ashl alu=rank 16; 








// RAM[SP] <= C[7:0] 








ram=select_bus_a ram=load ram=s 








c=select_bus a c=rank 8 c=select byte 1 c=bus 


write ; 






// RAM[SP+1] <= C[15:8] , MPC <= # fetch 








ram=select bus a ram=load ram=s sp=qpl 








c=select bus a c=rank 8 c=select byte 2 c=bus 


write 






addr=fetch jump=true; 








ashrs : 








// A [7:0] <= RAM[SP] 








a=select_bus_a a=rank_8 a=register_load_byte_ 


1 a=select_ 


_byte_ 


1 


ram=select_bus_a ram=bus_write ram=s; 








// A[15:8] <= RAM[SP+1] 








a=select_bus_a a=rank_8 a=register_load_byte_ 


2 a=select_ 


_byte_ 


_2 


ram=select bus a ram=bus write ram=s sp=qpl ; 








// C <= ashr(A) (FL updated) 








a=select bus a a=rank 16 a=bus write 








c=select_bus_b c=rank_16 c=register_load 








f l=select_bus_b fl=rank_16 f l=register_load 








alu=ashr alu=rank_16; 
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// RAM[SP] <= C[7:0] 

ram=select_bus_a ram=load ram=s 

c=select_bus_a c=rank_8 c=select_byte_l c=bus_write; 
// RAM[SP+1] <= C[15:8], MPC <= # fetch 

ram=select_bus_a ram=load ram=s sp=qpl 
c=select_bus_a c=rank_8 c=select_byte_2 c=bus_write 
addr=fetch jump=true; 
rotcls : 

// A [7:0] <= RAM[SP] 

a=select_bus_a a=rank_8 a=register_load_byte_l a=select_byte_l 
ram=select_bus_a ram=bus_write ram=s; 
// A[15:8] <= RAM[SP+1] 

a=select_bus_a a=rank_8 a=register_load_byte_2 a=select_byte_2 

ram=select_bus_a ram=bus_write ram=s sp=qpl; 

// C <= rotcl (A) (FL updated) 

a=select_bus_a a=rank_16 a=bus_write 

c=select_bus_b c=rank_16 c=register_load 

f l=select_bus_b fl=rank_16 f l=register_load 

alu=rotcl alu=rank_16; 

// RAM[SP] <= C[7:0] 

ram=select_bus_a ram=load ram=s 

c=select_bus_a c=rank_8 c=select_byte_l c=bus_write; 
// RAM[SP+1] <= C[15:8], MPC <= # fetch 

ram=select_bus_a ram=load ram=s sp=qpl 
c=select_bus_a c=rank_8 c=select_byte_2 c=bus_write 
addr=fetch jump=true; 
rot crs : 

// A [7:0] <= RAM[SP] 

a=select_bus_a a=rank_8 a=register_load_byte_l a=select_byte_l 
ram=select_bus_a ram=bus_write ram=s; 
// A[15:8] <= RAM[SP+1] 

a=select_bus_a a=rank_8 a=register_load_byte_2 a=select_byte_2 

ram=select_bus_a ram=bus_write ram=s sp=qpl; 

// C <= rotcr(A) (FL updated) 

a=select_bus_a a=rank_16 a=bus_write 

c=select_bus_b c=rank_16 c=register_load 

f l=select_bus_b fl=rank_16 f l=register_load 

alu=rotcr alu=rank_16; 

// RAM[SP] <= C[7:0] 

ram=select_bus_a ram=load ram=s 

c=select_bus_a c=rank_8 c=select_byte_l c=bus_write; 
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// RAM[SP+1] <= C[15:8] , MPC <= # fetch 

ram=select_bus_a ram=load ram=s sp=qpl 
c=select_bus_a c=rank_8 c=select_byte_2 c=bus_write 
addr=fetch jump=true; 
rot Is : 

// A[7:0] <= RAM[SP] 

a=select_bus_a a=rank_8 a=register_load_byte_l a=select_byte_l 
ram=select_bus_a ram=bus_write ram=s; 
// A[15:8] <= RAM[SP+1] 

a=select_bus_a a=rank_8 a=register_load_byte_2 a=select_byte_2 

ram=select_bus_a ram=bus_write ram=s sp=qpl; 

// C <= rotl (A) (FL updated) 

a=select_bus_a a=rank_16 a=bus_write 

c=select_bus_b c=rank_16 c=register_load 

f l=select_bus_b fl=rank_16 f l=register_load 

alu=rotl alu=rank_16; 

// RAM[SP] <= C[7:0] 

ram=select_bus_a ram=load ram=s 

c=select_bus_a c=rank_8 c=select_byte_l c=bus_write; 
// RAM[SP+1] <= C[15:8] , MPC <= # fetch 

ram=select_bus_a ram=load ram=s sp=qpl 
c=select_bus_a c=rank_8 c=select_byte_2 c=bus_write 
addr=fetch jump=true; 
rot rs : 

// A [7:0] <= RAM[SP] 

a=select_bus_a a=rank_8 a=register_load_byte_l a=select_byte_l 
ram=select_bus_a ram=bus_write ram=s; 
// A[15:8] <= RAM[SP+1] 

a=select_bus_a a=rank_8 a=register_load_byte_2 a=select_byte_2 

ram=select_bus_a ram=bus_write ram=s sp=qpl; 

// C <= rotr(A) (FL updated) 

a=select_bus_a a=rank_16 a=bus_write 

c=select_bus_b c=rank_16 c=register_load 

f l=select_bus_b fl=rank_16 f l=register_load 

alu=rotr alu=rank_16; 

// RAM[SP] <= C[7:0] 

ram=select_bus_a ram=load ram=s 

c=select_bus_a c=rank_8 c=select_byte_l c=bus_write; 
// RAM[SP+1] <= C[15:8], MPC <= # fetch 

ram=select_bus_a ram=load ram=s sp=qpl 
c=select_bus_a c=rank_8 c=select_byte_2 c=bus_write 
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addr=f etch jump=true; 
add8s : 

// B <= RAM[SP] 

b=select_bus_a b=register_load 

ram=select_bus_a ram=bus_write ram=s; 

// A <= RAM[SP+1] 

a=select_bus_a a=register_load 

ram=select_bus_a ram=bus_write ram=s sp=qpl; 

// C <= A+B (FL updated) 

a=select_bus_a a=bus_write 

b=select_bus_b b=bus_write 

c=select_bus_b c=register_load 

f l=select_bus_b fl=rank_16 f l=register_load 

alu=add alu=rank_8; 

// RAM[SP=SP+1] <= C[7:0], MPC <= # fetch 

ram=select_bus_a ram=load ram=s sp=qpl sp=qup 
c=select_bus_a c=bus_write 
addr=fetch jump=true; 
sub8s : 

// B <= RAM[SP] 

b=select_bus_a b=register_load 

ram=select_bus_a ram=bus_write ram=s; 

// A <= RAM[SP+1] 

a=select_bus_a a=register_load 

ram=select_bus_a ram=bus_write ram=s sp=qpl; 

// C <= A-B (FL updated) 

a=select_bus_a a=bus_write 

b=select_bus_b b=bus_write 

c=select_bus_b c=register_load 

f l=select_bus_b fl=rank_16 f l=register_load 

alu=sub alu=rank_8; 

// RAM[SP=SP+1] <= C[7:0], MPC <= # fetch 

ram=select_bus_a ram=load ram=s sp=qpl sp=qup 
c=select_bus_a c=bus_write 
addr=fetch jump=true; 
add8cs : 

// B <= RAM[SP] 

b=select_bus_a b=register_load 
ram=select_bus_a ram=bus_write ram=s; 
// A <= RAM[SP+1] 

a=select_bus_a a=register_load 
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ram=select_bus_a ram=bus_write ram=s sp=qpl; 
// C <= A+B+carry (FL updated) 

a=select_bus_a a=bus_write 

b=select_bus_b b=bus_write 

c=select_bus_b c=register_load 

f l=select_bus_b fl=rank_16 f l=register_load 

alu=addc alu=rank_8; 

// RAM[SP=SP+1] <= C[7:0], MPC <= # fetch 

ram=select_bus_a ram=load ram=s sp=qpl sp=qup 
c=select_bus_a c=bus_write 
addr=fetch jump=true; 
sub8bs : 

// B <= RAM[SP] 

b=select_bus_a b=register_load 

ram=select_bus_a ram=bus_write ram=s; 

// A <= RAM[SP+1] 

a=select_bus_a a=register_load 

ram=select_bus_a ram=bus_write ram=s sp=qpl; 

// C <= A-B-borrow (FL updated) 

a=select_bus_a a=bus_write 

b=select_bus_b b=bus_write 

c=select_bus_b c=register_load 

f l=select_bus_b fl=rank_16 f l=register_load 

alu=subb alu=rank_8; 

// RAM[SP=SP+1] <= C[7:0], MPC <= #fetch 

ram=select_bus_a ram=load ram=s sp=qpl sp=qup 
c=select_bus_a c=bus_write 
addr=fetch jump=true; 
lsh81s : 

// A <= RAM[SP] 

a=select_bus_a a=register_load 
ram=select_bus_a ram=bus_write ram=s; 
// C <= lsh81 (A) (FL updated) 

a=select_bus_a a=bus_write 

c=select_bus_b c=register_load 

f l=select_bus_b fl=rank_16 f l=register_load 

alu=lshl alu=rank_8; 

// RAM[SP] <= C[1:0], MPC <= # fetch 

ram=select_bus_a ram=load ram=s 
c=select_bus_a c=bus_write 
addr=fetch jump=true; 
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lsh8rs : 




// A <= RAM[SP] 




a=select_bus_a a=register_load 




ram=select bus a ram=bus write ram=s ; 




// C <= lsh8r(A) (FL updated) 




a=select bus a a=bus write 




o = seleo1~ bus b c = recris1"er load 




f l=select_bus__b fl=rank_16 fl=register_ 


_load 


alu=lshr alu=rank 8; 




// RAM[SP] <= C[7:0] , MPC <= # fetch 




ram=select bus a ram=load ram=s 




c=select bus a c=bus write 




addr=fetch jump=true; 




ash81s : 




// A <= RAM[SP] 




a=select_bus_a a=register_load 




ram=select bus a ram=bus write ram=s ; 




// C <= ash81 (A) (FL updated) 




a=select bus a a=bus write 




c=select bus b c=register load 




f l=select_bus_b fl=rank_16 fl=register_ 


_load 


alu=ashl alu=rank 8 ; 




// RAM[SP] <= C[7:0] , MPC <= # fetch 




ram=select bus a ram=load ram=s 




c=select bus a c=bus write 




addr=fetch jump=true; 




ash8rs : 




/ / A <= RAM[SP] 




a=select_bus_a a=register_load 




rain=select bus a ram=bus write ram=s; 




// C <= ash8r(A) (FL updated) 




a=select bus a a=bus_write 




p = opi ppt- bus b o = recris1"er load 




f l=select_bus_b fl=rank_16 fl=register_ 


_load 


alu=ashr alu=rank 8 ; 




// RAM[SP] <= C[7:0] , MPC <= # fetch 




ram=select bus a ram=load ram=s 




c=select bus a c=bus write 




addr=fetch jump=true; 




rot 8cls : 




// A <= RAM[SP] 
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a=select_bus_a a=register_load 




ram=select bus a ram=bus write ram=s ; 




// C <= rot8cl (A) (FL updated) 




a=select bus a a=bus write 




c=select bus b c=register load 




f l=select_bus_b fl=rank_16 fl=register_ 


_load 


alu=rotcl alu=rank 8; 




// RAM[SP] <= C[7:0], MPC <= # fetch 




ram=select bus a ram=load ram=s 




c=select bus a c=bus write 




addr=fetch jump=true; 




rot 8crs : 




// A <= RAM[SP] 




a=select_bus_a a=register_load 




ram=select bus a ram=bus write ram=s; 




// C <= rot8cr(A) (FL updated) 




a=select bus a a=bus_write 




c=select bus b c=register load 




f l=select_bus_b fl=rank_16 fl=register_ 


_load 


alu=rotcr alu=rank 8 ; 




// RAM[SP] <= C[7:0] , MPC <= # fetch 




ram=select bus a ram=load ram=s 




c=select bus a c=bus write 




addr=fetch jump=true; 




rot81s : 




//A <= RAM[SP] 




a=select_bus_a a=register_load 




ram=select bus a ram=bus write ram=s ; 




// C <= rot 81 (A) (FL updated) 




a=select bus a a=bus write 




c=select bus b c=register load 




f l=select_bus__b fl=rank_16 fl=register_ 


_load 


alu=rotl alu=rank 8; 




// RAM[SP] <= C[7:0] , MPC <= # fetch 




ram=select bus a ram=load ram=s 




c=select bus a c=bus write 




addr=fetch jump=true; 




rot 8rs : 




// A <= RAM[SP] 




a=select_bus_a a=register_load 




ram=select_bus_a ram=bus_write ram=s; 
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// C <= rot8r(A) (FL updated) 




a=select bus a a=bus_write 




c=s6l6ct bus b c=register load 




f l=select_bus_b fl=rank_16 f l=register_load 




alu=rotr alu=rank 8 ; 




// RAM[SP] <= C[7:0] , MPC <= # fetch 




ram=select_bus_a ram=load ram=s 




c=select bus a c=bus write 




addr=fetch jump=true; 




casts_uns : 




//A <= RAM[SP] 




a=select_bus_a a=register_load 




ram=select bus a ram=bus write ram=s ; 




// C <= A[7:0] (FL updated) 




a=select bus a a=bus write 




c=select bus b c=register load c=rank 16 




f l=select_bus_b fl=rank_16 f l=register_load 




alu=a alu=rank 8 ; 




// RAM[SP] <= C[7:0] 




ram=select_bus_a ram=load ram=s 




c=select bus a c=rank 8 c=select_byte_l c=bus_ 


write ; 


// RAM[SP+1] <= C[15:8], MPC <= # fetch 




ram=select_bus a ram=load ram=s sp=qpl 




c=select_bus_a c=rank_8 c=select_byte_2 c=bus_ 


_writ e 


addr=fetch jump=true; 




cast s_sig : 




//A <= RAM[SP] 




a=select_bus_a a=register_load 




ram=select bus a ram=bus write ram=s ; 




// C <= A[7:0] (FL updated) 




a=select bus a a=bus_write 




c=select bus b c=register load c=rank 16 




f l=select_bus_b fl=rank_16 f l=register_load 




alu=a alu=rank 8 alu=signed; 




// RAMFSP] <= C[7:0] 




ram=select_bus_a ram=load ram=s 




c=select bus a c=rank 8 c=select byte 1 c=bus 


write ; 


// RAM[SP+1] <= C[15:8] , MPC <= # fetch 




ram=select_bus_a ram=load ram=s sp=qpl 




c=select_bus_a c=rank_8 c=select_byte_2 c=bus_ 


_write 


addr=fetch jump=true; 
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call : 

// TMP[7:0] <= RAM[PC++] 

tmp=select_bus_a tmp=rank_8 tmp=register_load_byte_l tmp=select_byte_l 
ram=select_bus_a ram=bus_write ram=p pc=dpl; 
// TMP[15:8] <= RAM[PC++] 

tmp=select_bus_a tmp=rank_8 tmp=register_load_byte_2 tmp=select_byte_2 
ram=select_bus_a ram=bus_write ram=p pc=dpl; 
// RAM[ — SP] <= PC [15: 8] 

ram=select_bus_a ram=load ram=s sp=qml sp=qup 
pc=select_bus_a pc=rank_8 pc=select_byte_2 pc=bus_write; 
// RAM[ — SP] <= PC[7:0], MPC <= # fetch 
ram=select_bus_a ram=load ram=s sp=qml sp=qup 
pc=select_bus_a pc=rank_8 pc=select_byte_l pc=bus_write; 
// PC <= TMP, MPC <= #fetch 

pc=select_bus_a pc=rank_16 pc=register_load 
tmp=select_bus_a tmp=rank_16 tmp=bus_write 
addr=fetch jump=true; 
call_i : 

// RAM[ — SP] <= PC [15: 8] 

ram=select_bus_a ram=load ram=s sp=qml sp=qup 
pc=select_bus_a pc=rank_8 pc=select_byte_2 pc=bus_write; 
// RAM[ — SP] <= PC[1:0], MPC <= # fetch 
ram=select_bus_a ram=load ram=s sp=qml sp=qup 
pc=select_bus_a pc=rank_8 pc=select_byte_l pc=bus_write; 
// PC <= I, MPC <= # fetch 

pc=select_bus_a pc=rank_16 pc=register_load 
i=select_bus_a i=rank_16 i=bus_write 
addr=fetch jump=true; 
call_j : 

// RAM[ — SP] <= PC [15: 8] 

ram=select_bus_a ram=load ram=s sp=qml sp=qup 
pc=select_bus_a pc=rank_8 pc=select_byte_2 pc=bus_write; 
// RAM[ — SP] <= PC[1:0], MPC <= # fetch 
ram=select_bus_a ram=load ram=s sp=qml sp=qup 
pc=select_bus_a pc=rank_8 pc=select_byte_l pc=bus_write; 
// PC <= J, MPC <= # fetch 

pc=select_bus_a pc=rank_16 pc=register_load 
j=select_bus_a j=rank_16 j=bus_write 
addr=fetch jump=true; 
return : 

// PC [7:0] <= RAM[SP++] 
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pc=select_bus_a pc=rank_8 pc=register_load_byte_l pc=select_byte_l 
ram=select_bus_a ram=bus_write ram=s sp=dpl; 
// PC [15: 8] <= RAM[SP++] , MPC <= # fetch 

pc=select_bus_a pc=rank_8 pc=register_load_byte_2 pc=select_byte_2 
ram=select_bus_a ram=bus_write ram=s sp=dpl 
addr=fetch jump=true; 
ivtl : 

// TMP[7:0] <= RAM[PC++] 

tmp=select_bus_a tmp=rank_8 tmp=register_load_byte_l tmp=select_byte_l 
ram=select_bus_a ram=bus_write ram=p pc=dpl; 
// TMP[15:8] <= RAM[PC++] 

tmp=select_bus_a tmp=rank_8 tmp=register_load_byte_2 tmp=select_byte_2 
ram=select_bus_a ram=bus_write ram=p pc=dpl; 
// IVT <= TMP, MPC <= # fetch 

ivt=ivt_load 

tmp=select_bus_a tmp=rank_16 tmp=bus_write 
addr=fetch jump=true; 

int : 

// 

// push FL 

// 

// RAM[ — SP] <= FL[15:8] 

ram=select_bus_a ram=load ram=s sp=qml sp=qup 

f l=select_bus_a fl=rank_8 f l=select_byte_2 f l=bus_write; 

// RAM[ — SP] <= FL[7:0], MPC <= # fetch 

ram=select_bus_a ram=load ram=s sp=qml sp=qup 

f l=select_bus_a fl=rank_8 f l=select_byte_l f l=bus_write; 

// 

// Reset interrupt enable flag 

// 

f l=select_bus_b fl=rank_16 f l=register_load 

alu=cleari ; 

// 

// push (PC+1) to jump over the interrupt argument. 

// 

//RAM[ — SP] <= (PC+1) [15:8] 

ram=select_bus_a ram=load ram=s sp=qml sp=qup 

pc=select_bus_a pc=rank_8 pc=select_byte_2 pc=bus_write pc=qpl; 
// RAM[ — SP] <= (PC+1) [7:0] 

ram=select_bus_a ram=load ram=s sp=qml sp=qup 

pc=select_bus_a pc=rank_8 pc=select_byte_l pc=bus_write pc=qpl; 



Version "D" 



919 



// 












// Convert the interrupt number from the argument, 


to 


the 






// interrupt vector table item address : 












// TMP <= IVT [int] , int <= RAM[PC] 












/ / 












// TMP <= IVT [RAM [PC] ] 












tmp=select_bus_a tmp=rank_16 tmp=register_load 












ivt=select_int_b ivt=bus_write 












ram=select_bus_b ram=bus_write ram=p; 












// 












// Prepare to call the interrupt routine, loading the 






// interruot vector table item address into PC 












// 












// PCT7-01 <= RAM r TMP 1 

/ / XT V— L J lull i £ J. i il J 












dc=sp1pc1~ bn s a 100= "ran k 8 DC="rpGisrp"r load, bvte 


1 


pc= 


s e 1 ect 


_byt e_ 


1 


iram= sslsct bus a. ram-bus writs ram— t } 












// PCn 5 *P7 <*= P AM T TMP 4- 7 7 MPC <= M-fot- r>h 












rjp = qp 1 ppf hn c: 3 np=rflnl( P =rpfy i cfpr 1 b V"l~ O 

k-* v^- O C -L_ d- 1 — JvJ UL O CL k-' ^ J- CL 1 1 JV \J \-> \ J-CU-LOLCl. J-\J CL \A. j^J V C- C 


2 


p c — 


q pi 1 (Ci pf- 

O C -L ^ 


_byte_ 


_2 


ram=qpl pf f bn ^ p tp m=bi i ^ wri fp r~,3 m=t~ t" mn=rm 1 

J_ CL ILL O *3 -L \3- » • 1 UL O CL J_ CL L L L L-L O V V J_ _L_ 1 \3 -L_ CL ILL 1 1 ILL ^-4 J_ 












^HH"r="Ff ::i i"r*}i ~in nrn=t" tit • 

CL v-L vJ. J_ J_ v_; 1 V - 11 I UL 1 L L k-* 1 J_ UL \3 ^ 












i re t : 












// 












// Por> PC 












// 












// PC [7:0] <= RAM[SP++] 












■p> = ^ p> 1 P^ft" V^in Q p r~i (-> = -p p n V P r\ (~> — -p pr -l o-t-pi-p 1 pipH hvtp 

£J O C J- C L Li O CL ^-J ^ J_ CL1 1 JV (J i_Cy_L0L-C-L -L \J CL k>L y L- C_ 


1 


"Pi c = 
v- 


qpl p. r-»f- 

O C -L C!. 


_byte_ 


1 


2rani = sslsct bus a 2rarn = bus writs 2rani = s sp=dpl; 












// PC [15: 8] <= RAM[SP++] 












pc=select_bus_a pc=rank_8 pc=register_load_byte_ 


_2 


pc= 


select. 


_byt e_ 


2 


ram=select_bus_a ram=bus_write ram=s sp=dpl; 












// 












// Pop FL 












// 












// FL[7:0] <= RAM[SP++] 












f l=select_bus_a fl=rank_8 f l=register_load_byte_ 


1 


f 1= 


select. 


_byte_ 


1 


ram=select_bus_a ram=bus_write ram=s sp=dpl; 












// FL[15:8] <= RAM[SP++] , MPC <= # fetch 












f l=select_bus_a fl=rank_8 f l=register_load_byte_ 


_2 


f 1= 


select. 


_byte_ 


_2 


ram=select_bus_a ram=bus_write ram=s sp=dpl 












addr=fetch jump=true; 












imrl : 
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// IRQ <= RAM[PC++] , MPC <= # fetch 




irq=irq_mask_load 




ram=select bus a ram=bus write ram=p pc=dpl 




addr=fetch jump=true; 




i rq : 




// 




// push FL 




// 




// RAM[ — SP] <= FL[15:8] 




ram=select_bus_a ram=load ram=s sp=qml sp=qup 




f l=select_bus_a fl=rank_8 f l=select_byte_2 f l=bus_write; 




// RAM[ — SP] <= FL[7:0], MPC <= # fetch 




ram=select_bus a ram=load ram=s sp=qml sp=qup 




f l=select_bus_a fl=rank_8 f l=select_byte_l f l=bus_write; 




// 




// Reset interrupt enable flag 








fl=select bus b fl=rank 16 fl=register load 




alu=cleari; 




// 




// push (PC-1) to jump back to the opcode just read. 




// 




//RAMI — SP 7 <= (PC-1) [15:8] 




ram=select_bus_a ram=load ram=s sp=qml sp=qup 




pc=select_bus_a pc=rank_8 pc=select_byte_2 pc=bus_write 


pc=qml ; 


// RAMI — SP] <= (PC-1) [7:0] 

/ f ***** * £ *^*> j \ *• / L ' J 




ram=select_bus a ram=load ram=s sp=qml sp=qup 




pc=select bus a pc=rank 8 pc=select byte 1 pc=bus_write 


pc=qml ; 


// 




/ / Convert the interrupt number from the IRQ module , to 


the 


// interrupt vector table item address: 




// IMP <= IVT[int], int <= IRQ 




// 




// TMP <= IVT [INT [IRQ] ] 




tmp=select_bus_a tmp=rank_16 tmp=register_load 




ivt=select_int_a ivt=bus_write; 




// 




// Prepare to call the interrupt routine, loading the 




// interrupt vector table item address into PC. 




// 




// PC [7:0] <= RAM [TMP] 





Version "D" 



921 



pc=select_bus_a pc=rank_8 pc=register_load_byte_l 


pc=select 


_byte_l 


ram=select_bus_a ram=bus_write ram=t ; 








// PC [15: 8] <= RAM[TMP+1] 








pc=select_bus a pc=rank 8 pc=register load_byte_2 


pc=select 


_byt e_2 


ram=select_bus a ram=bus write ram=t tmp=qpl; 








// 








// Set the IRQ received as already done, 








// MPC <= #fetch 








irq=irq done 








addr=fetch jump=t rue ; 








op error : 








// 








// push FL 








// 








// RAM[ — SP] <= FL[15:8] 








ram=select_bus_a ram=load ram=s sp=qml sp=qup 








f l=select_bus_a fl=rank_8 f l=select_byte_2 fl=bus_ 


write } 






// RAM[ — SP] <= FL[7:0], MPC <= # fetch 








ram=select_bus a ram=load ram=s sp=qml sp=qup 








f l=select_bus_a fl=rank_8 f l=select_byte_l fl=bus_ 


write } 






// 








// .Reset interrupt enable flag 
















fl=select bus b fl=rank 16 f l=register_load 








alu=cleari ; 








// 








// push (PC-1) to jump back to the opcode just read. 






// 








//RAM[ — SP] <= (PC-1) [15:8] 








ram=select_bus_a ram=load ram=s sp=qml sp=qup 








pc=select_bus_a pc=rank_8 pc=select_byte_2 pc=bus_ 


_write 


IT 


qml ; 


// RAM[ — SP] <= (PC-1) [7:0] 








ram=select_bus_a ram=load ram=s sp=qml sp=qup 








pc=select_bus_a pc=rank_8 pc=select_byte_l pc=bus_ 


_write 




ami ; 


// 








// Convert the interrupt number 0 to the 








// interrupt vector table item address: 








// 








// TMP <= IVT[0] 








tmp=select_bus_a tmp=rank_16 tmp=register_load 








ivt=select_int_b ivt=bus_write 
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bus=bw bus=select_bus_b bus=0; 








// 








// Prepare to call the interrupt routine, loading the 




// interrupt vector table item address into PC 








// 








// PCF7-01 <= RAM TTMP1 








rjp = qp 1 ppf "hn c« 3 np^rnnV P r-\ p = r* p rr i cj-hp-r 1 pj^H bv1~P 

k-* v-- O C -L 1 — JvJ UL O CL k-' ^ J- CL 1 1 JV <~J f-J \s J-Cm-LO UCJ- J-\J CL v-L V l_ C 


1 


np = Qpl ppf- 

f~J * • O *3 J- *3 ^ 1 — 


_byt e_l 


r am= o p 1 pff" Valine; ;_a r^m — V^i 1 1 C Ta7 Y~ "I "h P ram=t" " 
J_ CLlLL O C _L C L- JvJ U. O CL J_ CL1LL U.O W J_ _l_ C. C J- CLlLL L- f 








// PC r 15 -81 <= RAMfTMP+11 MPC <= it fetch 








pQ=5g]_gc-^ bus a. pc— rank 8 pc=recj"ister load byte 


_2 


pc=select 


_byte 2 


ram=qp 1 pf f- 'hn ^ m=bi i ^ wfi tp r^ m =t~ f- m'n = t'Yn 1 

J_ CL ILL O *3 -L v3- » - 1 UL O CL J_ CL ILL U. O VV J_ _l_ 1 \3 -1- CL ILL 1 1 ILL Kj ^-4 Kj _l_ 








p\ HHr=f p1~ r*h ~i i]mn=t" mp • 








f 1 prr n C 1 T * 
J_ _L CL y -L ^ J L * 








// FL <= FL&OxFFEF MPC <= # fetch 

/ / X J—l ^ X. XJ «JC X. X_t X ^ X XX7 Vw ^> X, ^>X X 








fl— select bus b f 1— rank 16 fl— register load. 








a 1 n=pl pari i t a= i t rr Hnnp 

CL _L UL V • _L vZ- CL J_ _L J l_ v-^ J l_ ^-i k-L W 1 1 vZ- 








add.r=f et ch j ump=t rue ; 








J_ -L CL kj _L O ~ r 








// FL <= FL 1 0x0010 MPC <= # fetch 

/ / X XJ ^ X XJ j V 1/ Vx lit V- ' ^ 7^ X. \_ U> WX X 








f ]_=select bus b fl=rank 16 fl=register load 








a 1 ii = cp-|- i -j r-rr= i r~ rr Hpnp 

OL _1_ LA o v_- _1_ _1_ J_ V-1 _1_ J_ vlW 1 1 ' 








addr— f et ch j ump— t rue } 








"Flprr c fir* 

J LCLkJ k- ■ 








// FL <= FL&OxFFFE MPC <= § fetch 

/ / X XJ ^* X XJ (X AX X X X_f ^ X XX Vw- ^» 7l X ^w- Xmf L>i X 








f l=select bus b fl=rank 16 f l=recj"ister load 








a 1 n = n1 pa rf 

CL.LLL L-1CC11 L- 








addr=f etch jump=true ; 








f 1 an r* op-h- 








// FL <= FL&OxOOOl, MPC <= #fetch 








fl— select bus b fl— rank 16 fl— register load 








3 1 n=qpf p 

CL ± U O vl; I — 








addr=f et ch jump=t rue ; 








in n n m a ■ 

_L.11 11UL1LL CL * 








// IOA <= RAM TPC++1 








i na = c;pl ppt" bn^ Fi i n^^rpcri ^fpr 1 oar] 

_L_ V^* CL V_- _J_ \ ' I^L OL _1_ V-/ CL J_ V_- v-H _J_ k_> J_ _1_ V-/ CL 








ram=select_bus a ram=bus write ram=p pc=dpl; 








// I/O request 








ioc=req; 








// Time to wait . 








ctrl=nop; 








// A <= IOC, MPC <= # fetch 
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a=select_bus_a a=register_load ioc=bus_write 
addr=fetch jump=true; 
i n_num_b : 

// IOA <= RAM[PC++] 
ioa=select_bus_a ioa=register_load 
ram=select_bus_a ram=bus_write ram=p pc=dpl; 
// I/O request 
ioc=req; 

// Time to wait. 

ctrl=nop; 

// B <= IOC, MPC <= # fetch 

b=select_bus_a b=register_load ioc=bus_write 
addr=fetch jump=true; 
in_num_mi : 

// IOA <= RAM[PC++] 
ioa=select_bus_a ioa=register_load 
ram=select_bus_a ram=bus_write ram=p pc=dpl; 
// I/O request 
ioc=req; 

// Time to wait . 

ctrl=nop; 

// RAM [I] <= IOC, MPC <= # fetch 

ram=select_bus_a ram=load ram=i ioc=bus_write 
addr=fetch jump=true; 
in_num_m j : 

// IOA <= RAM[PC++] 
ioa=select_bus_a ioa=register_load 
ram=select_bus_a ram=bus_write ram=p pc=dpl; 
// I/O request 
ioc=req; 

// Time to wait . 

ctrl=nop; 

// RAM [J] <= IOC, MPC <= # fetch 

ram=select_bus_a ram=load ram=j ioc=bus_write 
addr=fetch jump=true; 
out_a_num : 

// IOA <= RAM[PC++] 
ioa=select_bus_a ioa=register_load 
ram=select_bus_a ram=bus_write ram=p pc=dpl; 
// IOC <= A 

ioc=load a=select_bus_a a=bus_write; 
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// I/O request, MPC <= # fetch 






ioc=req 






addr=fetch jump=true; 




out_ 


_b_num : 






// IOA <= RAM[PC++] 






ioa=select_bus_a ioa=regist er load 






ram=select bus a ram=bus write ram=p pc=dpl; 






// IOC <= B 






ioc=load b=select_bus a b=bus write; 






// I/O request, MPC <= #fetch 






ioc=reg 






addr=fetch jump=true; 




out_ 


_mi_num : 






// IOA <= RAM[PC++] 






ioa=select_bus_a ioa=register_load 






ram=select bus a ram=bus write ram=p pc=dpl; 






// IOC <= RAM [I ] 






ioc=load ram=select bus_a ram=bus write ram= 


i ; 




// I/O request, MPC <= #fetch 






ioc=rec[ 






addr=fetch jump=true; 




out_ 


_m j_num : 






// IOA <= RAM[PC++] 






ioa=select_bus_a ioa=register_load 






ram=select bus a ram=bus write ram=p pc=dpl; 






// IOC <= RAM[J] 






ioc=load ram=select bus a ram=bus write ram= 


J f 




// I/O request, MPC <= #fetch 






ioc=req 






addr=fetch jump=true; 




if ack_ jump : 






// IOA <= RAM[PC++] 






ioa=select_bus_a ioa=register_load 






ram=select_bus_a ram=bus_write ram=p pc=dpl; 






// C <= alu(I/0 isack) (FL updated), if ack 


MPC <= #jump 




ioc=isack ioc=bus_write 






c=select_bus_b c=register_load c=rank_16 






f l=select_bus_b fl=rank_16 f l=register_load 






alu=a alu=rank_8 alu=signed 






addr=jump jump=zero_f ; 






// discard argument and load next opcode 
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pc=qp2 pc=qup addr=f etch jump=true; 
if ack_call : 

// IOA <= RAM[PC++] 

ioa=select_bus_a ioa=register_load 
ram=select_bus_a ram=bus_write ram=p pc=dpl; 

// C <= alu(I/0 isack) (FL updated), if ack MPC <= #ifack_call_ok 

ioc=isack ioc=bus_write 

c=select_bus_b c=register_load c=rank_16 
f l=select_bus_b fl=rank_16 f l=register_load 
alu=a alu=rank_8 alu=signed 
addr=call jump=zero_f; 

// discard argument and load next opcode 

pc=qp2 pc=qup addr=fetch jump=true; 
cmpr : 

// FL(A-B), MPC <= # fetch 

a=select_bus_a a=bus_write a=rank_16 
b=select_bus_b b=bus_write b=rank_16 
f l=select_bus_b fl=rank_16 f l=register_load 
alu=sub alu=rank_16 
addr=fetch jump=true; 
testr : 

// FL (A&B) , MPC <= # fetch 

a=select_bus_a a=bus_write a=rank_16 
b=select_bus_b b=bus_write b=rank_16 
f l=select_bus_b fl=rank_16 f l=register_load 
alu=and alu=rank_16 
addr=fetch jump=true; 
cmpi : 

// A [7:0] <= RAM [I] 

a=select_bus_a a=rank_8 a=register_load_byte_l a=select_byte_l 
ram=select_bus_a ram=bus_write ram=i; 
// A [15: 8] <= RAM[I+1] , MPC <= # fetch 

a=select_bus_a a=rank_8 a=register_load_byte_2 a=select_byte_2 
ram=select_bus_a ram=bus_write ram=i i=qpl 
// B[7:0] <= RAM [J] 

b=select_bus_a b=rank_8 b=register_load_byte_l b=select_byte_l 
ram=select_bus_a ram=bus_write ram=j; 
// B[15:8] <= RAM[J+1] , MPC <= # fetch 

b=select_bus_a b=rank_8 b=register_load_byte_2 b=select_byte_2 
ram=select_bus_a ram=bus_write ram=j j=qpl; 
// FL(A-B), MPC <= # fetch 
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a=select bus a a=bus write a=rank 16 












b=select bus b b=bus write b=rank 16 












fl=select bus b fl=rank 16 f l=register_load 












alu=sub alu=rank 16 












addr=fetch jump=true; 












testi : 












// A [7 • 01 <= RAM [11 












a=select_bus_a a=rank_8 a=register_load_byte_ 


1 


a= 


select. 


_byt e_ 


.1 


ram=select_bus_a ram=bus_write ram=i; 












// A[15:8] <= RAM[I+1] , MPC <= # fetch 












a=select_bus_a a=rank_8 a=register_load_byte_ 


_2 


a= 


select. 


_byt e_ 


.2 


ram=select_bus_a ram=bus_write ram=i i=qpl 












// B[7:0] <= RAM [J] 












b=select_bus_a b=rank_8 b=register_load_byte_ 


_1 


b= 


select. 


_byt e_ 


.1 


rain=select bus a ram=bus write ram=j; 












// B[15:8] <= RAM[J+1] , MPC <= # fetch 












b=select_bus_a b=rank_8 b=register_load_byte_ 


_2 


b= 


select. 


_byt e_ 


.2 


ram=select bus a ram=bus write ram=j j = gpl/ 












// FL (A&B ) , MPC <= # fetch 












a=select bus a a=bus write a=rank 16 












b=select bus b b=bus write b=rank 16 












f l=select_bus_b fl=rank_16 f l=register_load 












alu=and alu=rank_16 












addr=fetch jump=true; 












cmps : 












// BF7-01 <= RAMFSP1 












b=select_bus_a b=rank_8 b=register_load_byte_ 


_1 


b= 


select. 


_byt e_ 


.1 


ram=select_bus_a ram=bus_write ram=s; 












// B[15:8] <= RAM[SP+1] 












b=select_bus_a b=rank_8 b=register_load_byte_ 


_2 


b= 


select. 


_byt e_ 


.2 


ram=select_bus_a ram=bus_write ram=s sp=qpl; 












// A[7:0] <= RAM[SP+2] 












a=select_bus_a a=rank_8 a=register_load_byte_ 


_1 


a= 


select. 


_byt e_ 


.1 


ram=select_bus_a ram=bus_write ram=s sp=qp2; 












// A[15:8] <= RAM[SP+3] 












a=select bus a a=rank 8 a=register load_byte 


_2 


a= 


select. 


_byt e_ 


2 


ram=select bus a rarn=bus write ram=s sp=qp3; 












// FL(A-B), MPC <= # fetch 












a=select_bus_a a=bus_write a=rank_16 












b=select_bus_b b=bus_write b=rank_16 












f l=select_bus_b fl=rank_16 f l=register_load 
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alu=sub alu=rank_16 
addr=f etch jump=true; 
tests : 

// B[7:0] <= RAM[SP] 

b=select_bus_a b=rank_8 b=register_load_byte_l b=select_byte_l 
ram=select_bus_a ram=bus_write ram=s; 
// B[15:8] <= RAM[SP+1] 

b=select_bus_a b=rank_8 b=register_load_byte_2 b=select_byte_2 
ram=select_bus_a ram=bus_write ram=s sp=qpl; 
// A [7:0] <= RAM[SP+2] 

a=select_bus_a a=rank_8 a=register_load_byte_l a=select_byte_l 
ram=select_bus_a ram=bus_write ram=s sp=qp2; 
// A[15:8] <= RAM[SP+3] 

a=select_bus_a a=rank_8 a=register_load_byte_2 a=select_byte_2 
ram=select_bus_a ram=bus_write ram=s sp=qp3; 
// FL (A&B) , MPC <= # fetch 
a=select_bus_a a=bus_write a=rank_16 
b=select_bus_b b=bus_write b=rank_16 
f l=select_bus_b fl=rank_16 f l=register_load 
alu=and alu=rank_16 
addr=fetch jump=true; 
cmp8i : 

// A <= RAM [I] 

a=select_bus_a a=register_load 
ram=select_bus_a ram=bus_write ram=i; 
// B <= RAM [J] 

b=select_bus_a b=register_load 
ram=select_bus_a ram=bus_write ram=j; 
// FL(A-B), MPC <= # fetch 

a=select_bus_a a=bus_write 
b=select_bus_b b=bus_write 

f l=select_bus_b fl=rank_16 f l=register_load 
alu=sub alu=rank_8 
addr=fetch jump=true; 
test8i : 

// A <= RAM [I] 

a=select_bus_a a=register_load 
ram=select_bus_a ram=bus_write ram=i; 
// B <= RAM[ J] 

b=select_bus_a b=register_load 
ram=select_bus_a ram=bus_write ram=j; 
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// FL (A&B) , MPC <= # fetch 

a=select_bus_a a=bus_write 
b=select_bus_b b=bus_write 

f l=select_bus_b fl=rank_16 f l=register_load 
alu=and alu=rank_8 
addr=fetch jump=true; 
cmp8s : 

// B <= RAM[SP] 

b=select_bus_a b=register_load 
ram=select_bus_a ram=bus_write ram=s; 
// A <= RAM[SP+1] 
a=select_bus_a a=register_load 
ram=select_bus_a ram=bus_write ram=s sp=qpl; 
// FL(A-B), MPC <= # fetch 
a=select_bus_a a=bus_write 
b=select_bus_b b=bus_write 

f l=select_bus_b fl=rank_16 f l=register_load 
alu=sub alu=rank_8 
addr=fetch jump=true; 
test8s : 

// B <= RAM[SP] 

b=select_bus_a b=register_load 
ram=select_bus_a ram=bus_write ram=s; 
// A <= RAM[SP+1] 
a=select_bus_a a=register_load 
ram=select_bus_a ram=bus_write ram=s sp=qpl; 
// FL (A&B) , MPC <= # fetch 
a=select_bus_a a=bus_write 
b=select_bus_b b=bus_write 

f l=select_bus_b fl=rank_16 f l=register_load 
alu=and alu=rank_8 
addr=fetch jump=t rue ; 
stop : 

ctrl=stop; 

addr=fetch jump=true; 

// 

end 
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12.16 Macrocode 



« 



As an example, the following listing shows a simple program that 
reads from the keyboard and prints the same text on the virtual 
screen. The keyboard input is read after a hardware interrupt. 

Listing 12.44. Macrocode example for TKGate. 



begin macrocode @ 0 
jump # start 
nop 



interrupt_vect or 


_table 


■ 




. short 


0x0025 


// 


CPU opcode error 


. short 


0x0024 


// 


CPU 


. short 


0x0024 


// 


CPU 


. short 


0x0024 


// 


CPU 


. short 


0x0024 


// 


IRQ rtc 


. short 


0x0026 


// 


IRQ keyboard 


. short 


0x0024 


// 


IRQ hard disk 


. short 


0x0024 


// 


IRQ 


. short 


0x0024 


// 


software 


. short 


0x0024 


// 


software 


. short 


0x0024 


// 


software 


. short 


0x0024 


// 


software 


. short 


0x0024 


// 


software 


. short 


0x0024 


// 


software 


. short 


0x0024 


// 


software 


. short 


0x0024 


// 


software 


def ault_interrupt_rout 


ine : 





iret 
op_code_error : 

stop 
keyboard : 

in 1,%A 

equal 

jump %zero, 1 , #keyboard_end 

out %A, 0 

jump #keyboard 



// keyboard read 
// update flags 
// if zero exit 
// print on screen 
// continue 



930 



Version "D" 



keyboard_end : 
iret 

start : 

cp 0x0 08 0, %I // set stack bottom 

cp %I, %SP 
// 

ivtl #interrupt_vector_table 
// 

imrl OxOF // all IRQ accepted 

flag_i 1 // IRQ enabled 

// 

keyboard_reset : 

in 1,%A // keyboard read. 

equal // update flags 

jump %zero, 0 , #keyboard_reset // if not zero continue 

// 

loop : 

jump #loop 

stop: // never reach the end. 

stop 

end 
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This version of the project is made to resolve the memory access 
problem previously evidenced. There is a module MEM that in- 
cludes the MAR register for the address, the MIR register (memory 
instruction register, ex IR) and a renewed MDR register. To access 
the memory, it is required to put the address inside the MAR register, 
specifying the size (rank) and the direction (read or write); then the 
read or write starts and stops automatically. But this process requires 
three clock cycles for 16-bit rank and two clock cycles for 8-bit rank. 
As the register MAR is restored and it is necessarily traversed by the 
data read from or written to the RAM memory, the rank adaptation 
functions are carried out by MDR and the other registers do not need 
that adaptation anymore. 



Attachments 


Description 


attachments/xcpu/xcpu-e. v 


TKGate Verilog netlist source file. 


attachments/xcpu/xcpu-e.gm 


TKGate microcode and 
macrocode source file. 


attachments/xcpu/xcpu-e- 
terminal.vpd.tcl 


TCL/Tk script related to the termi- 
nal module TTY. 
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Figure 13.2. Simple CPU, version "E". 
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13.1 General purpose modules 

The following modules were already used on the previous version 
of the project, except vrl, which is a counter able to increment or 
decrement only by 2 n values. 

Figure 13.3. Size reduction module: the module RANK and its 
submodules. 
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Figure 13.4. Building Dn modules. 

module Dl 
(Dflip-flop) 
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Figure 13.5. Building DRn modules. 
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Figure 13.6. Building DHw modules. 
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Figure 13.7. Building vrw modules. 
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Figure 13.8. Building VRw modules. 
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Cqo <r 



Cdo <- 
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Cqo 

Cdo <- 
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13.2 Module "MEM" 

« 

The most important feature of this version is related to the memory 
management: the new module MEM contains the registers MAR, 
MDR and MIR which were previously autonomous. 
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Figure 13.9. The module MEM. 
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13.2.1 Module "MAR" 

To access the RAM it is necessary to specify the address of the first 
byte, the rank starting from that address and the direction (read or 
write). First it is the MAR module involved. 
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Figure 13.10. Module MAR 
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Inside the above figure, should be noticed the register used to store 
the memory address (on the left, type DR16). In the middle, the reg- 
ister of type vr2 is responsible to hold and count the rank: 0 means 
one byte; 1 means two bytes; -1 (11 2 ) means "stop". The middle 
register is not reset, but preset, so its initial condition is equal to the 
value -1. 

When the rank counter is not equal to -1 (1 1 2 ), then it is automati- 
cally decremented at each clock; after the rank counter reaches the 
0, it becomes equal to -1 and it stops changing. That is: when the 
requested rank is 1 (meaning two bytes), its first value is 1, then 0, 
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then -1. When the rank counter is loaded with a valid rank it be- 
comes busy and the output Busy is used to transmit this notion to 
the other modules (MDR and MIR); at the same time, the latch on 
the right (type DH1) holds the value received from the input W. 

The output RAM_A is obtained as the sum of the original address 
received from input Addr and the rank value, reported by the rank 
counter. That is: the first address output by Addr is the highest. 
The output b is used to let know the other modules which byte of 
the selected rank is considered during a particular time. The output 
RAM_OE is asserted (0 as the meaning is complemented) when the 
RAM is to be written, the busy line is active and the clock signal is 
low. 

The output RAM_OE is asserted (0 as the meaning is comple- 
mented) when the RAM is to be read: the output is negated (1) only 
when a write request is received. 



The RAM memory allows to be read in any condition, but when 
it comes the time to write in it, it is necessary to activate the WE 
input only when the address is already available: that is why it is 
allowed to write only when the clock is low, as no change on the 
address can happen. 



13.2.2 Module "MIR" 

The MIR module {memory instruction register) is responsible for 
reading from memory the next opcode to be executed. The current 
opcode occupy only one byte, but the MIR is prepared to accept a 
larger size: the b (byte) input line selects the byte that is currently 
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read (the rank is specified to the MAR module). The RAM_OE input 
line is asserted when the RAM is read and the Busy line is active 
when the RAM access cycle is not yet finished. The input line R 
should be active when the MIR module should read from RAM; 
then, when the read cycle starts, the Busy becomes active and the 
read request is hold by the DH1 module, up to the cycle end. 

Figure 13.11. Module MIR. 
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13.2.3 Module "MDR" 

The MDR module is a register used as buffer between the RAM 
memory and the CPU data bus. The difference from the MIR mod- 
ules depends on the fact that it is connected to the two data busses 
and that can also write to the RAM. The MDR module is also re- 
sponsible for rank adaptation of data, before writing to the data bus. 
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Figure 13.12. Module MDR 
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13.3 General purpose registers 

The registers are made in a simpler way compared to the previous 
version, because there is no rank problem: all data is moved at a 16- 
bit rank. There are two types of registers: the following figure shows 
the two external layouts. 
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Figure 13.13. 16-bit registers: external appearance. 
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Figure 13.14. 16-bit registers: internal structure. 
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The C and FL registers are made with a slightly different module, 
where the "B" bus connection is named alu and it is only able to 
receive data. 
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Figure 13.15. Alternative 16-bit registers structure. 
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13.4 Module "ALU" and related submodules 

The module ALU, is the same as the previous version. 
Figure 13.16. Module ALU. 



C[8:6]=0: LOGIC 
C[8:6]=1:ADD, SUB 
C[8:6]=2: SHIFT, ROTATE CARRY 
C[8:6]=3: ROTATE 
C[8:6]=4: FLAG SET-RESET 

LOGIC 

C[4:2]=0:q = a 
C[4:2]=1:q = aANDB 
C[4:2]=2:q = aORb 
C[4:2]=3:q = aXORb 
C[4:2]=4:q = NOT (a XOR b) 
C[4:2]=5:q = NOT (aORb| 
C[4:2]=6:q = NOT (a AND b) 
C[4:2]=7:q = NOTa 

ADD, SUB 
C2: subtract 
C3: use previous carry 

SHIFT 

C2: shift right 
C3: arithmetic shift 
C4: use previous carry 

ROTATE 
C2: rotate right 

FLAG SET-RESET 
C5=0: selected flag reset 
C5=1 : selected flag activation 
C[4:2]=0: carry 
C[4:2]=1:zero 
C[4:2]=2: negative 
C[4:2]=3: overflow 
C[4:2]=4: interrupt enable 
C[4:2]=5: not used 
C[4:2]=6: not used 
C[4:2]=7: not used 




The other components inside the ALU module are just the same as 
the previous version. 
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Figure 13.17. Module LOGIC: the logic unit. 
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C=1 : q = a AND B 
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C=3: q = a XOR b 
C=4: q = NOT (a XOR b) 
C=5: q = NOT (a OR b) 
C=6: q = NOT (a AND b) 
C=7: q = NOT a 
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Figure 13.18. Module AS: addition and subtraction 
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Figure 13.19. Modules FAn: w-bit full adder. 
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Figure 13.20. Module SH : bit shift. 
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Figure 13.21. Module ROT: bit rotation. 




The modules SHn are one-bit logic or arithmetic shifter. It all starts 
from module SHI, as the following figure shows. 
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Figure 13.22. Module SHn : one-bit logic or arithmetic shift. 
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Figure 13.23. Module FSR: flags set-reset. 
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13.5 Module "BUS' 
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The module BUS is used to let the control unit put a value inside the 
data-bus. This module BUS is the same as the previous version. 

Figure 13.24. Module BUS. 
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13.6 Module "IRQ" 

« 

The IRQ module is the same as the previous version. All the de- 
tails about the module functionality should be found at the previous 
version description. 
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Figure 13.25. Module IRQ. 
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13.7 Module "IVT" 

The IVT module is the same as the previous version. All the de- 
tails about the module functionality should be found at the previous 
version description. 

Figure 13.26. Module IVT. 
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13.8 Module "RTC": real time clock 

The RTC module {real time clock) is just the same as the previous 
version: it generates a 1 Hz impulse, producing the hardware inter- 
rupt IRQO. All the details about the module functionality should be 
found at the previous version description. 



Listing 13.27. Module RTC: Verilog declaration. 



module RTC (T) ; 




output T; 




reg p; 




always 




begin 




P = 0; 




$tkg$wait 


(500) ; 


p = 1; 




$tkg$wait 


(500) ; 


end 




assign T = p; 




endmodule 





Version "E' 



963 



13.9 Module XV TTY' 



The TTY module is just the same as the previous version: it is a 
textual screen-keyboard terminal interface. All the details about the 
module functionality should be found at the previous version de- 
scription. 

Figure 13.28. Module TTY . 




Only the first 8 bits are read 
from the I/O device address. 
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Listing 13.29. Module terminal: Verilog code. 



module terminal (K_DATA, 


K_REQ, K_ACK, 




S_DATA, 


S_REQ, S_ACK, CLR) ; 


output K_ACK; 






output S_ACK; 






output [7:0] K_ 


DATA; 




input [7:0] S_DATA; 




input K_REQ; 






input S_REQ; 






input CLR; 






reg k_ready; 






reg [7:0] key; 

_) \- -i _L f 






reg s_ready; 






initial 






begin 






k_ready = 


0; 




s_ready = 


0; 




key = 0 ; 






end 






always 






begin 






@ (posedge 


CLR) 




k_ready = 


0; 




s_ready = 


0; 




key = 0 ; 






end 
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initial $tkg$post ("TERMINAL", "%m") ; 

always 
begin 

@ (po sedge K_REQ) ; 

# 5; 

key = $tkg$recv ("%m.KD") ; 

# 5; 

k_ready = l'bl; 

# 5; 

@ (negedge K_REQ) ; 

# 5; 

k_ready = 1'bO; 
end 

always 
begin 

@ (posedge S_REQ) ; 

# 5; 

$tkg$ send ( " %m . SD " , S_DATA) ; 

# 5; 

s_ready = l'bl; 

# 5; 

@ (negedge S_REQ) ; 

# 5; 

s_ready = 1'bO; 
end 

assign S_ACK = s_ready; 
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assign K_DATA = key; 
assign K_ACK = k_ready; 

endmodule 



Listing 13.30. File 'share/tkgate/vpd/terminal .tcl' for 
TCL interface. 

image create bitmap txtcurs -file "$bd/txtcurs .b" 

VPD :: register TERMINAL 
VPD::allow TERMINAL :: post 
VPD:: allow TERMINAL :: data 

namespace eval TERMINAL { 

# Public variables declarations: the variables $terminal_. . . 

# are arrays of which only the element $n is used; 

# that element identifies uniquely the working interface instance. 

variable terminal_w 
variable terminal_pos 
# 

variable KD 

# Function requested by TKGate to create the interface . 

proc post {n} { 

variable terminal_w 
variable terminal_pos 

# Create the window and save the object element in a $terminal_w array element . 

set terminal_w ($n) [ VPD : : createWindow "TERMINAL $n" -shutdowncommand "TERMINAL :: impost $n"] 

# For convenience, copy the object reference inside the local 

# variable $w; then, the variable $w will be used as a reference to the object . 

set w $terminal_w ( $n ) 

text $w.txt -state disabled 

pack $w.txt 

# Put the cursor at the end of the displayed text . 

$w.txt image create end -image txtcurs 

# Bind the keyboard input, related to the object represented by 
§ $terminal_w ($n) , to the function sendChar . 

bind $w <KeyPress> "TERMINAL :: sendChar $n \"%A\"" 

# Open a reading channel , named «SD» (screen data) , 

# and associate it to the function «data»; moreover, open a 
§ writing channel, named «KD» (keyboard data) . 

if {[info exists : :tkgate_islnitialized] } { 
VPD: :outsignal $n . KD TERMINAL :: KD ( $n) 

VPD : : insignal $n.SD -command "TERMINAL :: data $n" -format %d 

} 

# Reset the character count, used to count the characters displayed 

# on screen. 

set terminal_pos ( $n) 0 
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} 

# Function that receives the typing and put it into the 

# channel «KD», related to the current interface instance. 

proc sendChar {n key} { 
variable KD 

if { [string length $key ] == 1 } { 
binary scan $key c c 
set TERMINAL: : KD ($n) $c 

} 

} 

# Function that TKGate requires to destroy the interface. 

proc unpost {n} { 

variable terminal_w 
variable terminal_pos 
destroy $terminal_w ($n) 
destroy $terminal_pos ($n) 
unset terminal_w ( $n) 
unset terminal_pos ( $n) 

} 

# Function used to get the data to display on screen. 

proc data {n c} { 

variable terminal_w 
variable terminal_pos 

# For convenience, copy the object reference representing the 

# interface, inside the variable $w. 

set w $terminal_w ( $n) 
catch { 

# The variable $c contains the character to display. 

if { $c == 7 } { 

# BEL 

bell 
return 

} elseif { $c == 127 | $c == 8 } { 

# DEL I BS 

if { $terminal_pos ($n) > 0 } { 

# Delete the last displayed character, but only if the 

# characters counter is greater than zero, otherwise 
§ the cursor would disappear and the next characters 
§ would be located in an invisible screen area . 
$w.txt configure -state normal 

$w.txt delete "end - 3 chars" 
$w.txt see end 

$w.txt configure -state disabled 

set terrainal_pos ( $n) [expr {$terminal_pos ( $n) - l}] 

} 

return 
} elseif { $c == 13 } { 

# Convert CR to LF . 

set c 10 

} 

# Convert the character number into a visible symbol . 

set x [format %c $c] 
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# Display the symbol . 








$w.txt configure -state normal 








$w.txt insert "end - 2 chars" $x 








$w.txt see end 








$w.txt configure -state disabled 








# Update the displayed characters counter. 


} 


} 


} 


set terminal_pos ( $n) [expr {$terminal_pos ($n) + l}] 



13.10 Module "HDD" 

The HDD module is just the same as the previous version: it is a 
simulated mass-memory drive with the ability to handle eight units. 
All the details about the module functionality should be found at the 
previous version description. 
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Figure 13.31. Module HDD 
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REQ 
DRIVE 
SECTOR 
BYTE 
WRITE 



ACK CLR DATA_OUT 



When a request is not yet satisfied, the 
value that can be read at the output is 
negative, because the most significant byte 
has all bits set to one. 



v- 



Listing 13.32. Verilog code describing the module hd. 



module hd (DRIVE, SECTOR, 


BYTE, 


WRITE, DATA_IN, 


DATA_OUT, REQ, 


ACK, 


CLR) ; 


input [2:0] DRIVE; 






input WRITE, REQ, CLR; 






input [15:0] SECTOR; 






input [9:0] BYTE; 






input [7:0] DATA_IN; 
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output [7:0] DATA_OUT; 

output ACK; 

// 

integer _data_out; 

integer _ack; 

// 

reg [7:0] buf f er [ 0 : 1 02 3 ] ; 

reg [8*24-1:0] filename = "hd0_sector_000000000 .mem" ; 
// 

integer i; 
integer sector_8; 
integer sector_7; 
integer sector_6; 
integer sector_5; 
integer sector_4; 
integer sector_3; 
integer sector_2; 
integer sector_l; 
integer sector_0; 
integer x; 
// 

initial 
begin 

for (i=0; i<1024; i=i+l) 
begin 
// 

// Initial buffer reset with 00. 

// 

buffer[i] = 8'h00; 
end 
_ack = 0; 
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_data_out = 0; 




x = 0; 




end 




* * 

// 




always 




begin 




@ (posedge CLR) 




_ack = 0; 




_data_out = 0; 




x = 0; 




end 




// 




// 




// 




always 




begin 




// 




// Start after a positive 


edge from REQ ! . 


// 




@ (posedge REQ) ; 




# 10; 




// 




// Define the sector file 


name . 


// 




x = SECTOR; 




sector_0 = x%10; 




x = x/10; 




sector_l = x%10; 




x = x/10; 




sector_2 = x%10; 




x = x/10; 
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sector_3 = 


x%10; 




x = x/10; 






sector_4 = 


x%10; 




x = x/10; 






sector_5 = 


x%10; 




x = x/10; 






sector_6 = 


x%10; 




x = x/10; 






sector_7 = 


x%10; 




x = x/10; 






sector_8 = 


x%10; 




// 






// The string starts from the right side and 


// continues to the left ! 




// 






filename [ 12 


*8+7:12*8] = sector_8 


+ 8'd48; 


filename [ 1 1 


*8+7:ll*8] = sector_7 


+ 8'ci4 8; 


f ilename [ 1 0 * 8 + 7 : 1 0 * 8 ] = sector_6 


+ 8'd48; 


filename [ 9* 


8+7:9*8] = sector_5 + 


8' d48; 


filename [ 8 * 


8+7:8*8] = sector_4 + 


8' d4 8; 


filename [ 7 * 


8+7:7*8] = sector_3 + 


8' d4 8; 


filename [ 6* 


8+7:6*8] = sector_2 + 


8' d48; 


filename [ 5 * 


8+7:5*8] = sector_l + 


8' d4 8; 


filename [ 4 * 


8+7:4*8] = sector_0 + 


8' d4 8; 


// 






filename [ 2 1 


*8+7 : 21*8] = DRIVE + £ 


' d4 8; 


// 






if (WRITE) 






begin 






// 






// Put 


data inside the buffer. 
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// 

buffer [BYTE] = DATA_IN; 
// 

// Save the buffer to disk. 

// Please remember that $wr±tememh() 

// must be enabled Inside 

// TKGate configuration! 

// 

$writememh ( filename, buffer); 
// 

// Return the same data read. 

// 

_data_out = buffer [BYTE] ; 
end 
else 
begin 
// 

// Get data from disk to the buffer. 

// 

$readmemh ( filename, buffer); 
// 

// .Return the data required. 

// 

_data_out = buffer [BYTE] ; 
end 

// 

// Acknowledge. 

// 

_ack = 1; 
// 

// Wait the end of request 
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// (the negative edge) 
// before restarting the loop. 

// 

@ (negedge REQ) ; 
# 10; 
// 

// Now become ready again. 

// 

_ack = 0; 
end 
// 

assign DATA_0UT = _data_out; 
assign ACK = _ack; 
// 

endmodule 



13.11 Module "CTRL" 

The module CTRL is almost the same as the previous version, ex- 
cept for the iiPC size, which is now 1 1 bits. 
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Figure 13.33. Module CTRL 



975 



interrupt set ^ 



Is inlerrupt_enable 



h 



* rr 



[ 


Ck 


p 


D1 c 


Q Q 



R>- 
f ^-7" 



[6 



clock_pulse 



clock counter 



r: 



Ti Ck 
P F16 o ^O" 

Q To 



* * 



2 a < v o7 



0x423 



V V 



-t>- 



D 

Cqo 


L 


qil 

qi 


Cdo 


VR11 

(uPC) 
P 


di 
Cqi 
Cdi 

c 



uPC: microprogram counter 



rnk o5 mk o4 mic o3 mk o2 inii 



/ 32 









> 




> 




> 




; 






> 








81 

□ 




81 

a 




SI 

D 




81 

a 




SI 

a 




SI 

□ 


JT 


a 



32 / 32 



condilion_select 



13.11.1 Modules T«" 



The modules Fw, used as frequency divisors, are made in the same 
way as in the previous version. 
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Figure 13.34. Modules Dl and Tl: building a T flip-flop from a 
D flip-flop. 
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13.11.2 Module "CLK_CLR" 

The module CLK_CLR is responsible for the clock pulse generation 
and for the reset line, which is to be synchronized with the clock. The 
clock frequency may be controlled by the dip- switch at the top. It is 
important to recall that the control unit receives an inverted clock 
pulse, because the microcode data should be ready before the clock 
positive edge. This one is just the same as the previous version. 

Figure 13.36. Module CLKJCLR. 
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Figure 13.37. Module onejup, used to start the oscillation inside 
the module CLKjCLR. 

module one_up #(.W(1000)) (Z); 
output Z; 
reg Z ; 

initial 
begin 

Z = 1'bO; 

$tkg$wait (W) ; 

Z = l'bl; 
end 

endmodule 

13.12 Memory and microcode fields 

The memory for this version of the project is described by the fol- 
lowing lines of TKGate code. There are many blocks of memory 
for the microcode word, because every component connected to the 
data-bus can be controlled independently, as it is for the previous 
version of the project. 
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Listing 13.38. Memory banks description for TKGate. 



map 


bank 


!9:0] 


Ctrl 


. map ; 


microcode 


bank 


:31 : 


0] 


Ctrl 


. microO ; 


microcode 


bank 


;63: 


32] 


Ctrl 


. microl; 


microcode 


bank 


;95: 


64] 


Ctrl 


. micro2 ; 


microcode 


bank 


;i27 


: 96] 


Ctrl 


. micro3 ; 


microcode 


bank 


;i59 


: 128] 


Ctrl 


. micro4 ; 


microcode 


bank 


;i9i 


: 160] 


Ctrl 


. micro5 ; 


microcode 


bank 


;223 


: 192] 


Ctrl 


. micro 6 ; 


macrocode 


bank 


."15 : 


0] 


ram; 





Listing 13.39. Fields of the microcode word, for TKGate. 



field 


Ctrl [1 


:0] 


= {nop=0, stop=l, load=2}; 






field 


j ump [ 5 


:2] 


= {false=0, carry_t=l, zero_t=2, negative_t 


= 3, 








overf low_t=4 , irq_enabled_t =5 , true= 


= 6, 










carry_f=9, zero_f=10, negat ive_f =1 1 , 












overf low_f =12 , irq_enabled_f =13} ; 






field 


addr [16: 6] 


= {ciao=0}; 






// 












field 


mar [22 


: 17] 


= {load=0x0001, ram_write=0x0002, 
rank8=0, rankl 6=0x0 00 4 , 
p=0, i=8, j=16, s=24, t=32}; 






// 












field 


mdr [28 


:23] 


= {a=0x0000, b=0x0001, bw=0x0002, 












rank8u=0, rankl 6=0x0004 , rank8s=0x0008 , 










load=0x0010, ram_read=0x0020}; 






// 












field 


mir [ 2 9 


:29] 


= {ram_read=0x000l}; 






// 












field 


pc [41 : 


30] 


= {a=0x0000, b=0x0001, bw=0x0002, load= 


0x0004, 








qpl=0x0008, qp2=0x0010, qp3=0x0018, 


qp4 = 


0x0020, 








qp5=0x0028, qp6=0x0030, qp7=0x0038, 


qm8 = 


0x0040, 








qm7=0x0048, qm6=0x0050, qm5=0x0058, 


qm4 = 


0x0060, 








qm3=0x0068, qm2=0x0070, qml=0x0078, 


qup= 


0x0080, 








dpl=0x0100, dp2=0x0200, dp3=0x0300, 


dp4 = 


0x0400, 








dp5=0x0500, dp6=0x0600, dp7=0x0700, 


dm8= 


0x0800, 
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dm7=0x0900, dm6=0x0A00, dm5=0x0B00, dm4=0x0C00, 

dm3=0x0D00, dm2=0x0E00, dml=0x0F00 }; 

// 

// Macro for Instruction fetch. 
// MAR <= PC++, MIR <= RAM 

// fl: mar=p mar=rank8 ma r= load pc=dpl mir=ram_read; 

// 

field fetch [41:17] = {f 1=0x201001}; 
// 

field i[53:42] = {a=0x0000, b=0x0001, bw=0x0002, load 

qpl=0x0008, qp2=0x0010, qp3=0x0018, 

qp5=0x0028, qp6=0x0030, qp7=0x0038, 

qm7=0x0048, qm6=0x0050, qm5=0x0058, 

qm3=0x0068, qm2=0x0070, qml=0x0078, 

dpl=0x0100, dp2=0x0200, dp3=0x0300, 

dp5=0x0500, dp6=0x0600, dp7=0x0700, 

dm7=0x0900, dm6=0x0A00, dm5=0x0B00, 

dm3=0x0D00, dm2=0x0E00, dml=0x0F00 

= {a=0x0000, b=0x0001, bw=0x0002, load 

qpl=0x0008, qp2=0x0010, qp3=0x0018, 

qp5=0x0028, qp6=0x0030, qp7=0x0038, 

qm7=0x0048, qm6=0x0050, qm5=0x0058, 

qm3=0x0068, qm2=0x0070, qml=0x0078, 

dpl=0x0100, dp2=0x0200, dp3=0x0300, 

dp5=0x0500, dp6=0x0600, dp7=0x0700, 

dm7=0x0900, dm6=0x0A00, dm5=0x0B00, 

dm3=0x0D00, dm2=0x0E00, dml=0x0F00 

= {a=0x0000, b=0x0001, bw=0x0002, load 

qpl=0x0008, qp2=0x0010, qp3=0x0018, 

qp5=0x0028, qp6=0x0030, qp7=0x0038, 

qm7=0x0048, qm6=0x0050, qm5=0x0058, 

qm3=0x0068, qm2=0x0070, qml=0x0078, 

dpl=0x0100, dp2=0x0200, dp3=0x0300, 

dp5=0x0500, dp6=0x0600, dp7=0x0700, 

dm7=0x0900, dm6=0x0A00, dm5=0x0B00, 

dm3=0x0D00, dm2=0x0E00, dml=0x0F00 



// 

field j [65:54] 



// 

field sp [77 : 66] 



=0x0004, 
qp4=0x0020, 
qm8=0x0040, 
qm4=0x0060, 
qup=0x0080, 
dp4=0x0400, 
dm8=0x0800, 
dm4=0x0C00, 

}; 

=0x0004, 
qp4=0x0020, 
qm8=0x0040, 
qm4=0x0060, 
qup=0x0080, 
dp4=0x0400, 
dm8=0x0800, 
dm4=0x0C00, 

}; 

=0x0004, 
qp4=0x0020, 
qm8=0x0040, 
qm4=0x0060, 
qup=0x0080, 
dp4=0x0400, 
dm8=0x0800, 
dm4=0x0C00, 

}; 



// 

field tmp[89:78] 



{a=0x0000, b=0x0001, bw=0x0002, load=0x0004, 
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qpl=0x0008, qp2=0x0010, qp3=0x0018, 


qp4= 


0x0020, 








qp5=0x0028, qp6=0x0030, qp7=0x0038, 


qm8= 


0x0040, 








qm7=0x0048, qm6=0x0050, qm5=0x0058, 


qm4 = 


0x0060, 








qm3=0x0068, qm2=0x0070, qml=0x0078, 


qup= 


0x0080, 








dpl=0x0100, dp2=0x0200, dp3=0x0300, 


dp4= 

£r 


0x0400, 








dp5=0x0500, dp6=0x0600, dp7=0x0700, 


dm8= 


0x0800, 








dm7=0x0900, dm6=0x0A00, dm5=0x0B00, 


dm4 = 


OxOCOO, 








dm3=0x0D00, dm2=0x0E00, dml=0x0F00 


}; 




// 












field 


fl [101 


: 90] 


= {a=0x0000, b=0x0001, bw=0x0002, load 


=0x0004, 








qpl=0x0008, qp2=0x0010, qp3=0x0018, 


qp4 = 


0x0020, 








qp5=0x0028, qp6=0x0030, qp7=0x0038, 


qm8= 


0x0040, 








qm7=0x0048, qm6=0x0050, qm5=0x0058, 


qm4 = 


0x0060, 








qm3=0x0068, qm2=0x0070, qml=0x0078, 


qup= 


0x0080, 








dpl=0x0100, dp2=0x0200, dp3=0x0300, 


dp4 = 


0x0400, 








dp5=0x0500, dp6=0x0600, dp7=0x0700, 


dm8= 


0x0800, 








dm7=0x0900, dm6=0x0A00, dm5=0x0B00, 


dm4 = 


OxOCOO, 








dm3=0x0D00, dm2=0x0E00, dml=0x0F00 


}; 




// 












field 


c [113: 


102] 


= {a=0x0000, b=0x0001, bw=0x0002, load 


=0x0004, 








qpl=0x0008, qp2=0x0010, qp3=0x0018, 


qp4 = 


0x0020, 








qp5=0x0028, qp6=0x0030, qp7=0x0038, 


qm8= 


0x0040, 








qm7=0x0048, qm6=0x0050, qm5=0x0058, 


qm4 = 


0x0060, 








qm3=0x0068, qm2=0x0070, qml=0x0078, 


qup= 


0x0080, 








dpl=0x0100, dp2=0x0200, dp3=0x0300, 


dp4 = 


0x0400, 








dp5=0x0500, dp6=0x0600, dp7=0x0700, 


dm8= 


0x0800, 








dm7=0x0900, dm6=0x0A00, dm5=0x0B00, 


dm4 = 


OxOCOO, 








dm3=0x0D00, dm2=0x0E00, dml=0x0F00 


}; 




// 












field 


alu[122:114] 


= {rank8u=0, rank8s=l, rankl6=2, 












a=0, and=4, or=8, xor=12, 












nxor=16, nor=20, nand=24, not=28, 












add=64, sub=68, addc=72, subb=76, 












lshl=128, lshr=132, ashl=136, ashr= 


140, 










rotcl=144, rotcr=148, 












rotl=192, rotr=196, 












clearc=256, clearz=260, clearn=264, 












clearo=268, cleari=272, 












setc=288, setz=292, setn=296, 












seto=300, seti=304}; 
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// 

field a [134 : 123] 



// 

field b[146: 135] 



// 

field bp[158:147] 



// 

field bus [176: 159] 
// 

field ioa[188:177] 



{a=0x0000, b= 
qpl=0x0008, 
qp5=0x0028, 
qm7=0x0048, 
qm3=0x0068, 
dpl=0x0100, 
dp5=0x0500, 
dm7=0x0900, 
dm3=0x0D00, 

{a=0x0000, b= 
qpl=0x0008, 
qp5=0x0028, 
qm7=0x0048, 
qm3=0x0068, 
dpl=0x0100, 
dp5=0x0500, 
dm7=0x0900, 
dm3=0x0D00, 

{a=0x0000, b= 
qpl=0x0008, 
qp5=0x0028, 
qm7=0x0048, 
qm3=0x0068, 
dpl=0x0100, 
dp5=0x0500, 
dm7=0x0900, 
dm3=0x0D00, 



0x0001, bw= 
qp2=0x0010, 
qp6=0x0030, 
qm6=0x0050, 
qm2=0x0070, 
dp2=0x0200, 
dp6=0x0600, 
dm6=0x0A00, 
dm2=0x0E00, 

0x0001, bw= 
qp2=0x0010, 
qp6=0x0030, 
qm6=0x0050, 
qm2=0x0070, 
dp2=0x0200, 
dp6=0x0600, 
dm6=0x0A00, 
dm2=0x0E00, 

0x0001, bw= 
qp2=0x0010, 
qp6=0x0030, 
qm6=0x0050, 
qm2=0x0070, 
dp2=0x0200, 
dp6=0x0600, 
dm6=0x0A00, 
dm2=0x0E00, 



0x0002, load 
qp3=0x0018, 
qp7=0x0038, 
qm5=0x0058, 
qml=0x0078, 
dp3=0x0300, 
dp7=0x0700, 
dm5=0x0B00, 
dml=0x0F00 

0x0002, load 
qp3=0x0018, 
qp7=0x0038, 
qm5=0x0058, 
qml=0x0078, 
dp3=0x0300, 
dp7=0x0700, 
dm5=0x0B00, 
dml=0x0F00 

0x0002, load 
qp3=0x0018, 
qp7=0x0038, 
qm5=0x0058, 
qml=0x0078, 
dp3=0x0300, 
dp7=0x0700, 
dm5=0x0B00, 
dml=0x0F00 



=0x0004, 
qp4=0x0020, 
qm8=0x0040, 
qm4=0x0060, 
qup=0x0080, 
dp4=0x0400, 
dm8=0x0800, 
dm4=0x0C00, 

}; 

=0x0004, 
qp4=0x0020, 
qm8=0x0040, 
qm4=0x0060, 
qup=0x0080, 
dp4=0x0400, 
dm8=0x0800, 
dm4=0x0C00, 

}; 

=0x0004, 
qp4=0x0020, 
qm8=0x0040, 
qm4=0x0060, 
qup=0x0080, 
dp4=0x0400, 
dm8=0x0800, 
dm4=0x0C00, 



}; 



{bw=0xl0000, a=0, b=0x20000}; 



{a=0x0000, b= 
qpl=0x0008, 
qp5=0x0028, 
qm7=0x0048, 
qm3=0x0068, 
dpl=0x0100, 
dp5=0x0500, 



0x0001, bw=0x0002, load : 

qp2=0x0010, qp3=0x0018, 

qp6=0x0030, qp7=0x0038, 

qm6=0x0050, qm5=0x0058, 

qm2=0x0070, qml=0x0078, 

dp2=0x0200, dp3=0x0300, 

dp6=0x0600, dp7=0x0700, 



=0x0004, 
qp4=0x0020, 
qm8=0x0040, 
qm4=0x0060, 
qup=0x0080, 
dp4=0x0400, 
dm8=0x0800, 
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dm7=0x0900, dm6=0x0A00, dm5=0x0B00, dm4=0x0C00, 








dm3=0x0D00, dm2=0x0E00, dml=0x0F00 }; 


// 








field 


ivt [191 


189] 


= {bw=l, load=2, int_a=0, int_b=4}; 


// 








field 


irq[194 


192] 


= {bw=l, mask_load=2, irq_done=4}; 


// 








field 


ioc [198 


195] 


= {load=l, bw=2, req=4, isack=8}; 



13.13 Opcodes 

The opcodes are exactly the same as the previous version. For con- 
venience, the following table shows the opcode organization. 

Table 13.40. Opcodes. 



0x60 
0x68 
0x70 
0x78 
0x80 
0x81 
0x82 
0x84 
0x86 
0x88 



0x00 


00 


0x40 


010000. . 


0x44 


010001. . 


0x48 


010010. . 


0x4C 


0100110. 


0x4E 


0100111. 


0x50 


010100. . 


0x54 


010101. . 


0x58 


010110. . 


0x5C 


0101110. 


0x5E 


0101111. 



01100. . . 
01101. . . 
OHIO. . . 
01111. . . 

10000000 
10000001 
1000001. 
1000010. 
1000011. 
1000100. 



byteO 



byte 1 



byte 2 



b7 


b6 


b5 


b4 


b3 


b2 


b1 


bO 




cp % % 


% 


% 


cp n % 


A, B, I, J 


const16 


cp (%) % 


(I, J) 


AB 




cp % (%) 


A, B 


(I, J) 


cp n (%) 


(I, J) 


const16 


cp (%) (%) 


(I, J) 






cp8 n % 


A B, I, J 


const8 




cp8 (%) % 


(I, J) 


AB 






cp8 % (%) 


A, B 


(I, J) 


cp8 n (%) 


(I, J) 


const8 




cp8 (%) (%) 


(I, J) 






byteO 


byte 1 byte 2 


b7 


b6 


b5 


b4 


b3 


b2 


b1 


bO 




push % 


% 


push8 % 


% 


pop % 


% 


pop8 % 


% 


push n 


const16 


push8 n 


const8 




push (%) 


(I, J) 






push8 (%) 


(I, J) 




pop (%) 


(I, J) 


pop8 (%) 


(I, J) 



byte 3 



byte 3 
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byte 0 byte 1 byte 2 byte 3 







b7 


b6 


b5 


b4 


b3 


b2 


b1 


bO 




0x90 


10010. . . 


jump%flag 0|1 #ref 


%flag 


TRUE 


#ref 


0x98 


1001100. 


equal, not 


NOT 




0x9A 


1001101. 


and 


NOT 




0x9C 


1001110. 


or 


NOT 




0x9E 


1001111. 


xor 


NOT 




OxAO 


1010000. 


add, sub 


sub 




0xA2 


1010001. 


addc, subb 


sub 




0xA4 


1010010. 


Ish 


right 




0xA6 


1010011. 


ash 


right 




0xA8 


1010100. 


rote 


right 




OxAA 


1010101. 


rot 


right 





byteO 



Ox AC 
OxAE 
OxBO 
0xB2 
0xB4 
0xB6 
0xB8 



1010110. 
1010111. 
1011000. 
1011001. 
1011010. 
1011011. 
101110. . 



b7 b6 b5 b4 b3 b2 


b1 


bO 


add8, sub8 


sub 


add8c, sub8b 


sub 


Ish8 


right 


ash8 


right 


rot8c 


right 


rot8 


right 


cast 


sign 


A, B 



byte 1 



byte 2 



byte 3 



byteO 



OxBC 
OxBE 
OxCO 
0xC2 
0xC4 
0xC6 
0xC8 
OxCA 
OxCC 
OxCE 



1011110. 
1011111. 
1100000. 
1100001. 
1100010. 
1100011. 
1100100. 
1100101. 
1100110. 
1100111. 



b7 b6 b5 b4 b3 b2 b1 


bO 


equals, nots 


NOT 


ands 


NOT 


ors 


NOT 


xors 


NOT 


adds, subs 


sub 


addes, subbs 


sub 


Ishls, Ishrs 


right 


ashls, ashrs 


right 


rotcls, rotcrs 


right 


rotls, rotrs 


right 



byte 1 



byte 2 



byte 3 



OxDO 
0xD2 
0xD4 
0xD6 
0xD8 
OxDA 
OxDC 



1101000. 
1101001. 
1101010. 
1101011. 
1101100. 
1101101. 
1101110. 



byte 0 



b7 b6 b5 b4 b3 b2 b1 


bO 


add8s, sub8s 


sub 


add8cs, sub8bs 


sub 


Ish8ls, Ish8rs 


right 


ash8ls, ash8rs 


right 


rot8cls, rot8crs 


right 


rot8ls, rot8rs 


right 


casts 


sign 



byte 1 



byte 2 



byte 3 
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OxDE 


t 1 m 1 1 1 n 


OxDF 


11U11111 


OxEO 


i "i i r\ r\ r\ r\ r\ 
lliUUUUU 


OxEl 


iliUUUUl 


0xE2 


iiinnnin 
iliUUUlU 


0xE3 


11 11) UU1 1 


0xE4 


11 IL) U1U . 


0xE6 


1 1 1U U 1 1 . 


0xE8 


11 1U 1UU . 




i i i ni ni 

111U1U1 . 


OxEC 


mono. 


OxEE 


1110111. 


OxFO 


11110000 


OxFl 


11110001 



byte 0 


byte 1 byte 2 


byte 3 


b7 b6 b5 b4 b3 b2 b1 


bO 






call 


#ref 


return 






int 


int 




iret 






imrl 


mask 




ivtl 


#ref 


flag_iO|1 


set 




flag_c 0|1 


set 






in n % 


A, B 


port 




in n (%) 


(I, J) 


port 


out % n 


A, B 


port 


out (%) n 


(I.J) 


port 


if_ackjump 


port 


#ref 


if ack call 


port 


#ref 



0xF2 


1111001. 


0xF4 


1111010. 


0xF6 


1111011. 


0xF8 


1111100. 


Ox FA 


1111101. 


OxFC 


1111110. 


OxFE 


11111110 


OxFF 


11111111 



byte 0 



byte 1 



byte 2 



b7 b6 b5 b4 b3 b2 b1 


bO 




cmpr, testr 


test 


cmpi, testi 


test 


cmps, tests 


test 


cmp8i, test8i 


test 


cmp8s, test8s 


test 


call (%) 


I, J 


jump 


#ref | 


stop 





byte 3 



Table 13.41. Macrocode syntax: it is the same as the previous 
version. 



Macrocode syntax 


Description 


nop 


Not operate. 


cp %src , %dst 


Copy the src register content in- 
side the dst register. Allowed reg- 
isters are: I,J,A 9 B, BP, 5P, C, 
FL. 


cp nl6 , %dst 


Assign a 16-bit constant to a reg- 
ister. Allowed destination registers 
are: /, J, A, B. 


cp (%I %J) , %A %B 


Assign to register A or B the 16- 
bit value contained in memory at 
the address already available from 
register / or J. 
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Macrocode syntax 


Description 


Cp ^>i-i pi ^u) 


Copy in memory the 16-bit value 
of register A or 5, to the location 
represented by the register I or J. 


cp «76, (%I 


%J) 


Assign in memory the 16-bit con- 
stant, to the location represented 
by the register I or J. 


cp (%I) 


Copy the 16-bit memory content at 
the address represented by register 
7, to the memory location repre- 
sented by the register /. 


cp (%J) 


Copy the 16-bit memory content at 
the address represented by register 
/, to the memory location repre- 
sented by the register /. 


cp8 «#, 


Assign a 8-bit constant to a reg- 
ister. Allowed destination registers 
are: 7, /, A, B. 


cp8 (%I %J) , %A %B 


Assign to register A or B the 8-bit 
value contained in memory at the 

ii i i "iiij? 

address already available Irom reg- 
ister I or J. 


cp8 %A %B, (%I %J) 


Copy in memory the 8 -bit value of 
register A or /> , to me location rep- 
resented by the register I or J. 


cp8 n8 r (%I 


%J) 


Assign in memory the 8-bit con- 
stant, to me location represented 
by the register I or J. 


cp8 (%I) 


Copy the 8-bit memory content at 
the address represented by register 
l , 10 me memory locauon repre- 
sented by the register /. 
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Macrocode syntax 


Description 


cp8 (%J) 


Copy the 8-bit memory content at 
the address represented by register 
J, to the memory location repre- 
sented by the register /. 


push reg 


Push at the top of the stack the 16- 
bit value contained inside the reg- 
ister. 


pop reg 


Pnn from trip ct^plr c\ 1 ^»-hit valnp 

JT VJ U 11VJ111 Lilt SLaVJV a 1U Ull VdlU-C 

that is then assigned to the register. 


push 8 reg 


Push at the top of the stack the 8- 
bit value contained inside the reg- 
ister. 


pop 8 reg 


Pnn from trip QtapV z\ 8 -hit valnp 

1 VJ 1J 11VJ111 lllt^ kDldVJv d O Ull ValUt 

that is then assigned to the register. 


push nl6 


rusn ai me lop oi me siacK me 10- 
bit constant. 


push n8 


r usn ai me top oi me siacK me o- 
bit constant. 


push (%I %J) 


Push at the top of the stack the 16- 
bit value contained in memory, at 
the location represented by register 
/ or/. 


push (%I %J) 


Push at the top of the stack the 16- 
bit value contained in memory, at 
the location represented by register 
/ or J. 


push8 (%I %J) 


Push at the top of the stack the 8- 
bit value contained in memory, at 

. i i A • A ii A 

the location represented by register 
/ or J. 
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Macrocode syntax 


Description 


pop (%I %J) 


Pop from the top of the stack a 
16-bit value that is then copied at 
the memory location represented 
by register I or J. 


pop8 (%I %J) 


Pop from the top of the stack a 
8 -bit value that is then copied at 
the memory location represented 
by register I or J. 


jump 


Jump to the address specified. 


jump %carry | %borrow^ 

^ | %zero | %negative^ 
:—> | ^overflow, ^ 

U -L ^ Iff C/ 


Conditional jump. The first argu- 
ment is a pseudo-register that se- 
lects the flag; the second argu- 
ment means the value that the flag 
should have; the third argument is 
the address where the jump should 
go if the condition is met. 


equal 


C <— A, updating the flags status 


not 


i a ^ A 1 1 Y\r\ ctt\ n ct trip flfiO'C ctfitnc 

(one's complement). 


and 


C <— A & B, updating the flags. 


nand 


C < — -(A & B), updating the flags. 


or 


C <— A 1 B, updating the flags. 


nor 


C < — -(A 1 B), updating the flags. 
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Macrocode syntax 


Description 


xor 


C <— A A B, updating the flags. 


nxor 


C <— ~(A A B), updating the flags. 


add 


c i — /!+/>, upoaung me nags, 10- 
bit. 


sub 


c •< — /i a , upoating me nags, 10- 
bit. 


addc 


y A _i_ _i_ ram? nnrlfitiTiO' flip 

> /i. T MJ i CdllV, U.Ul_ldllll£d Lilt 

flags, 16-bit. 


subb 


y A /? hnrrnw nnH otitic thp 

\^ ^ /l A* UVJ11VJW, U-ULidLLllii LI 

flags, 16-bit. 


lshl 


^ A<?<?\ linrtatin cx thp flacx**" 

^ I \ 1 , U-ULidLLllii Lilt lldiikD. 

logic shift left, 16-bit. 


lshr 


i /d^^l linrtatincx thp flacx**" 

^ i \ ^ ^ 1 , LAULldLlllii Lilt lldiitD. 

logic shift right, 16-bit. 


ashl 


y, /lsssl, UjJLldLlllg, Lilt lldgo. 

arithmetic shift left, 16-bit. 


ashr 


A ^l^^i^il llT^HfltlTlO' tllP flfJCC 

^ f*. 1 , LAUCldLlllii Lilt lldiiS. 

arithmetic shift right, 16-bit. 


rotcl 


y rntplf ,4 ^ nnHfttincT flip flfjcc 

^ IVJLtl^-ri. ^, U-ULldLlllg, Lilt lldiiS. 

rotation left with carry, 16-bit. 


rotcr 


2 mtcrf A \ linrtatincx thp fl^icr**' 

^ IVJLtl^zi. ^, lAUCldLlllsi Lilt lldiitD. 

rotation right with carry, 16-bit. 


rotl 


4 linHatincr thp flacx** 

" 1 V 7 L 1 ^ /l J , LllJUdLlllii LI 1^ 1 1 CI o . 

rotation left, 16-bit. 
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Macrocode syntax 


Description 


rotr 


4 yc\\y( A \ nnHfifin cr fhp flficrQ' 

rotation right, 16-bit. 


add8 


c — /i+/>, upciaimg me nags, o- 
bit. 


sub8 


c i — upciaimg me nags, o- 
bit. 


add8c 


I a A _l J& _l r'«ar , r , \/ lmrlfifincr trip 

> T A* T CdllV, LiUCidLLllii Lilt 

flags, 8-bit. 


sub8b 


a A f$ hnrrnw lmrlfifincr flip 

^ r\. MJ UVJ11UW, LiUCldllllid Lilt 

flags, 8-bit. 


lsh81 


a A<?<?\ nnHfifincr fhp flacTQ* 

^ /l 1 , LiULldLlllii Lilt lldiikD. 

logic shift left, 8 -bit. 


lsh8r 


a /l^^l linrtafincr flip fl^crc* 

^ /l ^ 1 , LiULldLlllii Lilt lldiikD. 

logic shift right, 8 -bit. 


ash81 


a A ******\ 1 1 v\c\ cif 1 n rr flip fi'mc 

^ /Isssl, UpUdLlllg Lilt lldgo. 

arithmetic shift left, 8 -bit. 


ash8r 


a A ^^^l linHflfincr fhp flacr*** 

^ ****** 1 , LiUddLlllii Lilt lldiikD. 

arithmetic shift right, 8 -bit. 


rot 8cl 


a rnfRplf A \ lmrlfifincr flip fl^crc 

K* \ IVJLOtl^-rX ^, LiUCldLlllii Lilt lldiiS. 

rotation left with carry, 8 -bit. 


rot 8cr 


a mtRorf A \ lmH u finer flip flftcrc 

^ IVJLOtl^-ri. ^, LiUCldLlllii Lilt lldiiS. 

rotation right with carry, 8 -bit. 


rot81 


A iT*f81f A ^ nnHnfinfr flip fl^rrc* 

lULOl^/i. J, UpLldLlllg, Lilt lldgo. 

rotation left, 8 -bit. 


rot 8r 


a — rotSrf /4 ^ lmHatinp thp flaps' 
rotation right, 8 -bit. 
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Macrocode syntax 



Description 



cast 0 1 %A %B 



Adapt the register value to 8-bit, 
unsigned or signed, depending on 
the first argument. 



equals 



Read the 16-bit value on top of the 
stack and update the flags. 



nots 



Read the 16-bit value on top of the 
stack and replace it with the one's 
complement, updating the flags. 



ands 



Pop two 16-bit values from the top 
of the stack and push the bitwise 
AND of them, updating the flags, 
the registers A and B are overwrit- 
ten. 



nands 



ors 



Pop two 16-bit values from the top 
of the stack and push the bitwise 
NAND of them, updating the flags, 
the registers A and B are overwrit- 
ten^ 

Pop two 16-bit values from the top 
of the stack and push the bitwise 
OR of them, updating the flags, the 
registers A and B are overwritten. 



nors 



Pop two 16-bit values from the top 
of the stack and push the bitwise 
NOR of them, updating the flags, 
the registers A and B are overwrit- 
ten. 
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Macrocode syntax 



Description 



xors 



Pop two 16-bit values from the top 
of the stack and push the bitwise 
XOR of them, updating the flags, 
the registers A and B are overwrit- 
ten. 



nxors 



Pop two 16-bit values from the top 
of the stack and push the bitwise 
NXOR of them, updating the flags, 
the registers A and B are overwrit- 
ten. 



adds 



subs 



Pop two 16-bit values from the top 
of the stack and push the sum of 
them, updating the flags. To do the 
calculation, the registers A and B 
are overwritten. 

Pop a 16-bit values from the top 
of the stack and put it inside the 
register B \ then pop another 16-bit 
value and put inside the register A ; 
then calculate A -B updating the 
flags and push the result inside the 
stack again. 



addcs 



Pop two 16-bit values from the top 
of the stack and push the sum with 
carry of them, updating the flags. 
To do the calculation, the registers 
A and B are overwritten. 
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Macrocode syntax 



Description 



subbs 



Pop a 16-bit values from the top 
of the stack and put it inside the 
register B\ then pop another 16- 
bit value and put inside the regis- 
ter A ; then calculate A -B -borrow 
updating the flags and push the re- 
sult inside the stack again. 



lshls 



Pop a 16-bit values from the top of 
the stack and push the logic shift 
left of it, updating the flags. 



lshrs 



Pop a 16-bit values from the top of 
the stack and push the logic shift 
right of it, updating the flags. 



ashls 



Pop a 16-bit values from the top of 
the stack and push the arithmetic 
shift left of it, updating the flags. 



ashrs 



rotcls 



Pop a 16-bit values from the top of 
the stack and push the arithmetic 
shift right of it, updating the flags. 
Pop a 16-bit values from the top of 
the stack and push the rotation left 
with carry of it, updating the flags. 



rotcrs 



rotls 



Pop a 16-bit values from the top 
of the stack and push the rotation 
right with carry of it, updating the 
flags. 

Pop a 16-bit values from the top of 
the stack and push the rotation left 
of it, updating the flags. 
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Macrocode syntax 



Description 



rotrs 



Pop a 16-bit values from the top 
of the stack and push the rotation 
right of it, updating the flags. 



add8s 



Pop two 8 -bit values from the top 
of the stack and push the sum of 
them, updating the flags. To do the 
calculation, the registers A and B 
are overwritten. 



sub8s 



Pop a 8 -bit values from the top of 
the stack and put it inside the reg- 
ister B\ then pop another 16-bit 
value and put inside the register A ; 
then calculate A-B updating the 
flags and push the result inside the 
stack again. 



add8cs 



Pop two 8 -bit values from the top 
of the stack and push the sum with 
carry of them, updating the flags. 
To do the calculation, the registers 
A and B are overwritten. 



sub8bs 



Pop a 8 -bit values from the top 
of the stack and put it inside the 
register B\ then pop another 16- 
bit value and put inside the regis- 
ter A ; then calculate A -Z? -borrow 
updating the flags and push the re- 
sult inside the stack again. 



Ish81s 



Pop a 8 -bit values from the top of 
the stack and push the logic shift 
left of it, updating the flags. 
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Macrocode syntax 



Description 



lsh8rs 



Pop a 8 -bit values from the top of 
the stack and push the logic shift 
right of it, updating the flags. 



ash81s 



Pop a 8 -bit values from the top of 
the stack and push the arithmetic 
shift left of it, updating the flags. 



ash8rs 



Pop a 8 -bit values from the top of 
the stack and push the arithmetic 
shift right of it, updating the flags. 



rotc81s 



Pop a 8 -bit values from the top of 
the stack and push the rotation left 
with carry of it, updating the flags. 



rotc8rs 



Pop a 8 -bit values from the top 
of the stack and push the rotation 
right with carry of it, updating the 
flags. 



rot81s 



Pop a 8 -bit values from the top of 
the stack and push the rotation left 
of it, updating the flags. 



rot 8rs 



Pop a 8 -bit values from the top 
of the stack and push the rotation 
right of it, updating the flags. 



casts 0 1 



Pop a 16-bit value from the top 
of the stack and push the same 
value, adapted to 8 -bit, unsigned 
or signed, depending on the argu- 
ment. 



call %ref 



Call the procedure that starts at the 
argument reference: the registers 
FL and PC are pushed inside the 
stack. 
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Macrocode syntax 



Description 



call (%I | % J) 



return 



Call the procedure that starts at the 
position contained inside register / 
or J: the registers FL and PC are 
pushed inside the stack. 
Return from a previous call: the 
registers PC and FL are retrieved 
from the stack. 



int n8 



Software interrupt call: the regis- 
ters FL and PC are pushed inside 
the stack. 



iret 



Return from an interrupt: the regis- 
ters PC and FL are retrieved from 
the stack. 



imrl n8 



ivtl %ref 



Load the IMR: interrupt mask reg- 
ister. 

Load the IVT: interrupt vector ta- 
ble. The argument is the interrupt 
vector table start address in mem- 
ory. 



flag_i 0 



1 



Reset or set the flag that allows the 
hardware interrupts. 



flag_c 0 1 



Reset or set the carry (borrow) 
flag. 



in n8, %A %B 



Read from the I/O address spec- 
ified, a byte that is copied inside 
register A or B . 



in n8, (%I %J) 



Read from the I/O address speci- 
fied, a byte that is copied in mem- 
ory, at the address specified by reg- 
ister I ox J. 
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Macrocode syntax 



Description 



out %A 



%B, n8 



Write to the I/O address specified, 
a byte that is read from register A 
or B. 



out (%I %J) , 



Write to the I/O address specified, 
a byte that is read from memory, at 
the address specified by register / 
or J. 



ifack_jump n8 , #ref 



ifack_call n8 , $ref 



If the I/O port gives an acknoledge 
report, then jump to the specified 
address. 

If the I/O port gives an acknoledge 
report, then call the specified pro- 
cedure. 



cmpr 



Calculate A-B, updating the flags, 
without modifying the accumula- 
tor. 



testr 



Calculate A&B (bitwise AND), 
updating the flags, without modi- 
fying the accumulator. 



cmpi 



Load A with the value contained in 
memory at the address represented 
by the register /; load B with the 
value contained in memory at the 
address represented by the regis- 
ter /; then calculate A -B, updat- 
ing the flags, without modifying 
the accumulator. 
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Description 



testi 



Load A with the value contained in 
memory at the address represented 
by the register /; load B with the 
value contained in memory at the 
address represented by the regis- 
ter /; then calculate A 8cB (bitwise 
AND), updating the flags, without 
modifying the accumulator. 



cmps 



Read from the top of the stack a 
16-bit value and put it inside the 
register B ; read from the stack, just 
under the previous value, a 16-bit 
value and put it inside the regis- 
ter A; then calculate A-B, updat- 
ing the flags, without modifying 
the accumulator. 



tests 



Read from the top of the stack a 
16-bit value and put it inside the 
register B ; read from the stack, just 
under the previous value, a 16-bit 
value and put it inside the regis- 
ter A; then calculate A&Z?, updat- 
ing the flags, without modifying 
the accumulator. 



cmp8r 



Calculate 8-bit A -B, updating the 
flags, without modifying the accu- 
mulator. 



test 8r 



Calculate 8-bit A&B (bitwise 
AND), updating the flags, without 
modifying the accumulator. 
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Macrocode syntax 



Description 



cmp8 i 



Load 8-bit inside A with the value 
contained in memory at the ad- 
dress represented by the register /; 
load 8-bit inside B with the value 
contained in memory at the ad- 
dress represented by the register /; 
then calculate A-B, updating the 
flags, without modifying the accu- 
mulator. 



test 8i 



Load 8-bit inside A with the value 
contained in memory at the ad- 
dress represented by the register /; 
load 8-bit inside B with the value 
contained in memory at the ad- 
dress represented by the register J ; 
then calculate A&B, updating the 
flags, without modifying the accu- 
mulator. 



cmp8s 



Read from the top of the stack a 8- 
bit value and put it inside the reg- 
ister B\ read from the stack, just 
under the previous value, a 8 -bit 
value and put it inside the regis- 
ter A; then calculate A -B, updat- 
ing the flags, without modifying 
the accumulator. 
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Macrocode syntax 


Description 


test 8s 


Read from the top of the stack a 8- 
bit value and put it inside the reg- 
ister B; read from the stack, just 
under the previous value, a 8 -bit 
value and put it inside the regis- 
ter A; then calculate A&B, updat- 
ing the flags, without modifying 
the accumulator. 


stop 


Stop the system. 



Listing 13.42. Registers, flags and opcodes encoded for TKGate. 
This encoding is the same as the previous version, because the 
opcodes do not change. 

registers 1=0, J=l, A=2, B=3, BP=4, SP=5, C=6, FL=7; 

registers carry=0, borrow=0, zero=l, negative=2, overflow=3; 

// 

op nop { 

map nop: 0x0 0; // not operate 

operands { - = { +0=0x00; }; }; 

}; 
// 



op cp { 



// 










00 




cp 


%, % 


map 


nop : 




0x00; 


// 


00000000 




cp 


%I, 


%I = nop 


map 


cp_i. 


_j : 


0x01; 


// 


00000001 




cp 


%I, 


%J 


map 


cp_i. 


_a : 


0x02; 


// 


00000010 




cp 


%I, 


%A 


map 


cp_i. 


Jo: 


0x03; 


// 


00000011 




cp 


%I, 


%B 


map 


cp_i. 


_bp : 


0x04; 


// 


00000100 




cp 


%I, 


%BP 


map 


cp_i. 


_sp : 


0x05; 


// 


00000101 




cp 


%I, 


%SP 


map 


cp_i. 


_c : 


0x06; 


// 


00000110 




cp 


%I, 


%c 


map 


cp_i. 


_fl : 


0x07; 


// 


00000111 




cp 


%I, 


%FL 
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map 


cp_ j_i : 


0x08; 


// 


OOOOIOOO 


= 


cp 


%J, %I 




map 


nop : 


0x09; 


// 


OOOOlOOl 


= 


cp 


%J, %J = 


nop 


map 


cp_ j_a : 


OxOA; 


// 


OOOOIOIO 


= 


cp 


%J, %A 




map 


cp_ j_b : 


OxOB; 


// 


OOOOlOll 


= 


cp 


%J, %B 




map 


cp_j_bp 


OxOC; 


// 


OOOOllOO 


= 


cp 


%J, %BP 




map 


cp_j_sp 


OxOD; 


// 


OOOOllOl 


= 


cp 


%J, %SP 




map 


cp_ j_c : 


OxOE; 


// 


oooomo 


= 


cp 


%J, %c 




map 


cp_j_f 1 


OxOF; 


// 


OOOOllll 


= 


cp 


%J, %FL 




map 


cp_a_i : 


0x10; 


// 


OOOIOOOO 


= 


cp 


%A, %I 




map 


cp_a_j : 


0x11; 


// 


OOOlOOOl 


= 


cp 


%A, %J 




map 


nop : 


0x12; 


// 


OOOIOOIO 


= 


cp 


%A, %A = 


nop 


map 


cp_a_b : 


0x13; 


// 


OOOlOOll 


= 


cp 


%A, %B 




map 


cp_a_bp 


0x14; 


// 


OOOIOIOO 


= 


cp 


%A, %BP 




map 


cp_a_sp 


0x15; 


// 


OOOIOIOI 


= 


cp 


%A, %SP 




map 


cp_a_c : 


0x16; 


// 


00010110 


= 


cp 


%A, %C 




map 


cp_a_f 1 


0x17; 


// 


OOOlOlll 


= 


cp 


%A, %FL 




map 


cp_b_i : 


0x18; 


// 


OOOllOOO 


= 


cp 


%B, %I 




map 


cp_b_j : 


0x19; 


// 


OOOllOOl 


= 


cp 


%B, %J 




map 


cp_b_a : 


OxlA; 


// 


OOOllOlO 


= 


cp 


%B, %A 




map 


nop : 


OxlB; 


// 


OOOllOll 


= 


cp 


%B, %B = 


nop 


map 


cp_b_bp 


OxlC; 


// 


ooomoo 


= 


cp 


%B, %BP 




map 


cp_b_sp 


OxlD; 


// 


OOOlllOl 


= 


cp 


%B, %SP 




map 


cp_b_c : 


OxlE; 


// 


OOOllllO 


= 


cp 


%B, %C 




map 


cp_b_f 1 


OxlF; 


// 


OOOlllll 


= 


cp 


%B, %FL 




map 


cp_bp_i 


0x20; 


// 


OOIOOOOO 


= 


cp 


%BP, %J 




map 


cp_bp_j 


0x21; 


// 


OOlOOOOl 


= 


cp 


%BP, %J 




map 


cp_bp_a 


0x22; 


// 


OOIOOOIO 


= 


cp 


%BP, %A 




map 


cp_bp_b 


0x23; 


// 


OOlOOOll 


= 


cp 


%BP, %B 




map 


nop : 


0x24; 


// 


OOIOOIOO 


= 


cp 


%BP, %BP 


= nop 


map 


cp_bp_sp: 0x25; 


// 


OOIOOIOI 


= 


cp 


%BP, %SP 




map 


cp_bp_c 


0x26; 


// 


OOlOOllO 


= 


cp 


%BP, %C 


= nop 


map 


cp_bp_fl: 0x2 7; 


// 


OOlOOlll 


= 


cp 


%BP, %FL 




map 


cp_sp_i 


0x28; 


// 


OOIOIOOO 


= 


cp 


%SP, %I 




map 


cp_sp_j 


0x29; 


// 


OOIOIOOI 


= 


cp 


%SP, %J 




map 


cp_sp_a 


0x2A; 


// 


OOIOIOIO 




cp 


%SP, %A 




map 


cp_sp_b 


0x2B; 


// 


OOlOlOll 




cp 


%SP, %B 
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map 


cp_sp_bp : 


0x2C; 


// 


00101100 


= 


cp 


%SP, %BP 


map 


nop : 




0x2D; 


// 


00101101 


= 


cp 


%SP, %SP = nop 


map 


cp_sp_c 




0x2E; 


// 


00101110 


= 


cp 


%SP, %C 


map 


cp_sp_f 1 : 


0x2F; 


// 


00101111 


= 


cp 


%SP, %FL 


map 


cp_c_i : 




0x30; 


// 


00110000 


= 


cp 


%C, %I 


map 


cp_c_j : 




0x31; 


// 


00110001 


= 


cp 


%C, %J 


map 


cp_c_a : 




0x32; 


// 


00110010 


= 


cp 


%C, %A 


map 


cp_c_b : 




0x33; 


// 


00110011 


= 


cp 


%C, %B 


map 


cp_c_bp 




0x34; 


// 


00110100 


= 


cp 


%C, %BP 


map 


cp_c_sp 




0x35; 


// 


00110101 


= 


cp 


%C, %SP 


map 


nop : 




0x36; 


// 


00110110 


= 


cp 


%C, %C = nop 


map 


cp_c_f 1 




0x37; 


// 


00110111 


= 


cp 


%C, %FL 


map 


cp_f l_i 




0x38; 


// 


00111000 


= 


cp 


%FL, %I 


map 


cp_f l_j 




0x39; 


// 


00111001 


= 


cp 


%FL, %J 


map 


cp_f l_a 




0x3A; 


// 


00111010 


= 


cp 


%FL, %A 


map 


cp_f l_b 




0x3B; 


// 


00111011 


= 


cp 


%FL, %B 


map 


cp_f l_bp : 


0x3C; 


// 


00111100 


= 


cp 


%FL, %BP 


map 


cp_f l_sp : 


0x3D; 


// 


00111101 


= 


cp 


%FL, %SP 


map 


cp_f l_c 




0x3E; 


// 


00111110 


= 


cp 


%FL, %C 


map 


nop : 




0x3F; 


// 


00111111 


= 


cp 


%FL, %FL = nop 


// 










010000. . 


= 


cp 


#,% 


map 


cp_num_i : 


0x40; 


// 


01000000 


= 


cp 


#, %I 


map 


cp_num_j : 


0x41; 


// 


01000001 


= 


cp 


#,%J 


map 


cp_num_a : 


0x42; 


// 


01000010 


= 


cp 


#, %A 


map 


cp_num_b : 


0x43; 


// 


01000011 


= 


cp 


#,%B 


// 










010001. . 


= 


cp 


(%),% 


map 


cp_mi_a 




0x44; 


// 


01000100 


= 


cp 


(%I) , %A 


map 


cp_mi_b 




0x45; 


// 


01000101 


= 


cp 


(%I) , %B 


map 


cp_m j_a 




0x46; 


// 


01000110 


= 


cp 


(%J) , %A 


map 


cp_m j_b 




0x47; 


// 


01000111 


= 


cp 


(%J) , %B 


// 










010010. . 


= 


cp 


%, %I 


map 


cp_a_mi 




0x48; 


// 


01001000 


= 


cp 


%A, (%I) 


map 


cp_a_m j 




0x49; 


// 


01001001 


= 


cp 


%A, (%J) 


map 


cp_b_mi 




0x4A; 


// 


01001010 


= 


cp 


%B, (%I) 


map 


cp_b_m j 




0x4B; 


// 


01001011 




cp 


%B, (%J) 


// 










0100110. 




cp 


#, (%) 
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map 


cp_num_mi : 




0x4C; 


// 


01001100 


= 


cp 


#, (%D 






map 


cp_num_mj : 




0x4D; 


// 


01001101 


= 


cp 


if, (%J) 






// 










0100111. 


= 


cp 


(%) 






map 


cp_mi_mj : 




0x4E; 


// 


01001110 


= 


cp 


(%D 






map 


cp_m j_mi : 




0x4F; 


// 


01001111 


= 


cp 


(%J) 






// 






















operands { 




















%1,%2 = { 


+ 0 


=0x00; 


+ 0 [5:3]=%1; 


+0[2:0]=%2; }; 






#1,%2 = { 


+ 0 


=0x40; 


+ 0 [1 : 0] =%2; 


+1 


=#1[7:0]; +2 


=#1 [15: 


8]; }; 


(%D r%2 = { 


+ 0 


=0x44; 


+ 0 [1 : 1] =%1; 


+0[0:0]=%2; }; 






%1, (%2) = { 


+ 0 


=0x48; 


+ 0 [1 : 1] =%1; 


+0[0:0]=%2; }; 






#1, (%2) = { 


+ 0 


=0x4C; 


+ 0 [0 : 0] =%2; 


+ 1 


=#1[7:0]; +2 


=#1 [15: 


8]; }; 


(%D = { 

}; 


+ 0 


=0x4E; 


+ 0 [0 : 0] =%1; 


}; 










}; 

op cp8 { 




















// 










010100. . 


= 


cp8 


#,% 






map 


cp8_num_i : 




0x50; 


// 


01010000 


= 


cp8 


#, %i 






map 


cp8_num_j : 




0x51; 


// 


01010001 


= 


cp8 


#, %J 






map 


cp8_num_a : 




0x52; 


// 


01010010 


= 


cp8 


#, %A 






map 


cp8_num_b : 




0x53; 


// 


01010011 


= 


cp8 


#,%B 






// 










010101. . 


= 


cp8 








map 


cp8_mi_a : 




0x54; 


// 


01010100 


= 


cp8 


(%I) , %A 






map 


cp 8_mi_b : 




0x55; 


// 


01010101 




cp8 


(%I) , %B 






map 


cp8_m j_a : 




0x56; 


// 


01010110 




cp8 


(%J) , %A 






map 


cp8_m j_b : 




0x57; 


// 


01010111 




cp8 


(%J) , %B 






// 










010110. . 




cp8 


%, (%) 






map 


cp8_a_mi : 




0x58; 


// 


01011000 




cp8 


%A, (%I) 






map 


cp8_a_mj : 




0x59; 


// 


01011001 




cp8 


%A, (%J) 






map 


cp8_b_mi : 




0x5A; 


// 


01011010 




cp8 


%B, (%I) 






map 


cp8_b_mj : 




0x5B; 


// 


01011011 




cp8 


%B, (%J) 






// 










0101110. 




cp8 


#, (%) 






map 


cp8_num_mi 




0x5C; 


// 


01011100 




cp8 


#r (%D 






map 


cp8_num_irr 




0x5D; 


// 


01011101 




cp8 


#, (%J) 






// 










0101111. 




cp8 


(%) 






map 


cp8_mi_mj : 




0x5E; 


// 


01011110 




cp8 


(%I) 
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map 


cp8_m j_mi 


i 


0x5F; 


// 


01011111 


= cp8 


(%J) 


// 
















operands { 














#1,%2 


{ 


+0=0x50; 


+0 [1 : 0] =%2; 


+1=#1[7:0]; }; 


(%1),%2 = 


{ 


+0=0x54 ; 


+0 [1 : 1] =%1; 


+0[0:0]=%2; }; 


%1, (%2) = 


{ 


+0=0x58; 


+0 [1 : 1] =%1; 


+0[0:0]=%2; }; 


#1, (%2) = 


{ 


+0=0x5C; 


+0 [0 : 0] =%2; 


+1=#1[7:0]; }; 


(%D 

}; 


{ 


+0=0x5E; 


+0 [0 : 0] =%1; 


}; 




}; 
// 
















op push { 














// 










01100. . . 


= push 


Q. 
t> 


map 


push_i : 




0x60; 


// 


01100000 


= push 


%I 


map 


push_j : 




0x61; 


// 


01100001 


= push 


%J 


map 


push_a : 




0x62; 


// 


01100010 


= push 


%A 


map 


push_b : 




0x63; 


// 


01100011 


= push 


%B 


map 


push_bp : 




0x64; 


// 


01100100 


= push 


%BP 


map 


push_sp : 




0x65; 


// 


01100101 


= push 


%SP 


map 


push_c : 




0x66; 


// 


01100110 


= push 


%C 


map 


push_f 1 : 




0x67; 


// 


01100111 


= push 


%FL 


// 
















map 


push_num: 




0x80; 


// 


10000000 


= push 


# 


// 
















map 


push_mi : 




0x82; 


// 


10000010 


= push 


(%I) 


map 


push_mj : 




0x83; 


// 


10000011 


= push 


(%J) 


// 
















operands { 














%1 = { +0 


= 


0x60; +0[2:0]=%1; }; 






#1 = { +0 




0x80; +1= 


=#1[7:0]; +2 = 


#1[15:8]; }; 


(%D = { +o 

}; 




0x82; +0[0:0]=%1; }; 






}; 

op pop { 














// 










OHIO. . . 


= Pop 


% 


map 


pop_i : 




0x70; 


// 


01110000 


= Pop 


%I 
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map 


pop_j : 


0x71; 


// 


01110001 


= 


pop %J 


map 


pop_a : 


0x72; 


// 


01110010 


= 


pop %A 


map 


pop_b : 


0x73; 


// 


01110011 


= 


pop %B 


map 


pop_bp : 


0x74; 


// 


01110100 


= 


pop %BP 


map 


pop_sp : 


0x75; 


// 


01110101 


= 


pop %SP 


map 


pop_c : 


0x76; 


// 


01110110 


= 


pop %C 


map 


pop_f 1 : 


0x77; 


// 


01110111 


= 


pop %FL 


// 








1000011. 


= 


pop (%) 


map 


pop_mi : 


0x86; 


// 


10000110 


= 


pop (%I) 


map 


pop_mj : 


0x87; 


// 


10000111 


= 


pop (%J) 


// 














operands { 














= { + 0= 


0x70; +0 


[2 : 0 


]=%i; }; 






(%1) = { +0= 

}; 


0x86; +0 


[0:0 


]=%i; }; 






}; 
// 














op push8 { 












// 








01101. . . 


= 


push8 % 


map 


push8_i : 


0x68; 


// 


01101000 


= 


push8 %J 


map 


push8_j : 


0x69; 


// 


01101001 


= 


push8 %J 


map 


push8_a : 


0x6A; 


// 


01101010 


= 


push8 %A 


map 


push8_b : 


0x6B; 


// 


01101011 


= 


push8 %B 


map 


push8_bp : 


0x6C; 


// 


01101100 


= 


push8 %BP 


map 


push8_sp : 


0x6D; 


// 


01101101 


= 


push8 %SP 


map 


push8_c : 


0x6E; 


// 


01101110 


= 


push8 %C 


map 


push8_f 1 : 


0x6F; 


// 


01101111 


= 


push8 %FL 


// 














map 


push8_num : 


0x81; 


// 


10000001 


= 


push8 # 


// 








1000010. 




push8 (%I) 


map 


push8_mi : 


0x84; 


// 


10000100 


= 


push8 (%I) 


map 


push8_mj : 


0x85; 


// 


10000101 




push8 (%J) 


// 














operands { 












%1 


= { +o = 


0x68; +0 


[2 : 0 


]=%i; }; 






#1 


= { +o= 


0x81; +1 


[7:0 


]=#i; }; 
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(%1) - 

}; 


{ +o 


=0x81; +0[0:0]=%1; }; 










}; 

op pop8 { 


















// 










01111. . . 


= 


pop8 


g, 
"5 




map 


pop8. 


_i : 


0x78; 


// 


01111000 


= 


pop8 


%I 




map 


pop8. 


_j : 


0x79; 


// 


01111001 


= 


pop8 


%J 




map 


pop8. 


_a : 


0x7A; 


// 


01111010 


= 


pop8 


%A 




map 


pop8. 


Jo: 


0x7B; 


// 


01111011 


= 


pop8 


%B 




map 


pop8. 


_bp : 


0x7C; 


// 


01111100 


= 


pop8 


%BP 




map 


pop8. 


_sp : 


0x7D; 


// 


01111101 


= 


pop8 


%SP 




map 


pop8. 


_c : 


0x7E; 


// 


01111110 


= 


pop8 


%C 




map 


pop8. 


_fl : 


0x7F; 


// 


01111111 


= 


pop8 


%FL 




// 








// 


1000100. 


= 


pop8 


(%) 




map 


pop8. 


_mi : 


0x88; 


// 


10001000 


= 


pop8 


(%D 




map 


pop8. 


_mj : 


0x89; 


// 


10001001 


= 


pop8 


(%J) 




// 




















operands 


{ 
















2- 1 




{ +o 


=0x78; +0[2:0 


]=%i; }; 










(%d = 

}; 


{ +o 


=0x88; +0[0:0 


]=%i; }; 










}; 
// 




















op j ump { 


















map 


jump. 


_nc : 


0x90; 


// 


10010000 


= 


jump 


%carry 0 # 




map 


jump. 


_c : 


0x91; 


// 


10010001 


= 


jump 


%carry 1 # 




map 


jump. 


_nz : 


0x92; 


// 


10010010 


= 


jump 


%zero 0 # 




map 


jump. 


_z : 


0x93; 


// 


10010011 


= 


jump 


%zero 1 # 




map 


jump. 


nn : 


0x94; 


// 


10010100 


= 


jump 


%negative 0 


# 


map 


jump. 


_n : 


0x95; 


// 


10010101 


= 


jump 


%negat±ve 1 


# 


map 


jump. 


no : 


0x96; 


// 


10010110 


= 


jump 


%overflow 0 


# 


map 


jump. 


_o : 


0x97; 


// 


10010111 


= 


jump 


%overflow 1 


# 


// 




















map 


jump 


; 


OxFE; 


// 


11111110 


= 


jump 


# 




// 




















operands 


{ 
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%1, #2,#3 
#1 

}; 


= { +0=0x90; +0 [2 : 1] = %1; 

+1=#3[7:0]; +2=#3[15 
= { +0=0xFE; +1=#1 [7:0]; 


+0 [0:0]=#2; 
8]; }; 

+2=#1[15:8]; }; 


}; 
// 

op equal { 
map equal : 
operands { - 

}; 


uxyo; // luuiiuuu — 

= { +0=0x98; }; }; 


equal 


op not { 
map not : 
operands { - 


0x99; // lUUllUUl = 

= { +0=0x99; }; }; 


not 


}; 
// 

op and { 
map and: 
operands { - 

}; 


UxyA; // lUUiiuiU — 

= { +0=0x9A; }; }; 


ana 


op nand { 
map nand: 
operands { - 


0x9B; // 10011011 = 

= { +0=0x9B; }; }; 


nand 


}; 
// 

op or { 
map o r . 
operands { - 

}; 


n v Qr- // i nni i i nn — 
uxyt, // J.UUJ.J.J.UU — 

= { +0=0x9C; }; }; 




op nor { 
map nor: 
operands { - 


0x9D; // 10011101 = 

= { +0=0x9D; }; }; 


nor 


}; 
// 

op xor { 
map xor: 
operands { - 


0x9E; // 10011110 = 

= { +0=0x9E; }; }; 


xor 
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}; 

op nxor { 












map nxor 




UxyF; // 


10011111 




nxor 


operands 


{ - 


- = { +0=0x9F; 


}; }; 






}; 
// 












op add { 












map add: 




Pi * * 7\ Pi - / / 

UxAU; // 


10100000 




add 


operands 


{ - 


- = { +0=0xA0; 


}; }; 






op sub { 












map sub: 




UxAl; // 


10100001 




sue 


operands 


{ - 


- = { +0=0xAl; 


}; }; 






}; 
// 












op addc { 












map addc 




UxAz ; // 


1 Ul UUU1 U 




Bade 


operands 


{ - 


- = { +0=0xA2; 


}; }; 






op subb { 












map subb 




(JxAj; // 


10100011 




SUZ5JD 


operands 


{ - 


- = { +0=0xA3; 








}; 
// 












op lshl { 












map lshl 




UxA4 ; // 


1 Ul UU1 UU 




isnl 


operands 


{ - 


- = { +0=0xA4; 


}; }; 






op lshr { 












map lshr 




(JxAo; // 


10100101 




7 T_ 

lshr 


operands 


{ - 


- = { +0=0xA5; 


}; }; 






}; 
// 












op ashl { 












map ashl 




0xA6; // 


10100110 




ashl 


operands 


{ - 


- = { +0=0xA6; 


}; }; 
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}; 

op ashr { 
map ashr: 
operands { - 


0xA7; // 
- = { +0=0xA7; 


10100111 

}; }; 




ashr 


}; 
// 

op rotcl { 
map rotcl : 
operands { - 

}; 


UxAo; // 
- = { +0=0xA8; 


1 Ul Ul UUU 

}; }; 




rotcl 


op rotcr { 
map rotcr: 
operands { - 


(JxAy; // 
- = { +0=0xA9; 


10101001 

}■■ }■■ 




rotcr 


}; 
// 

op rotl { 
map rotl : 
operands { - 

}; 


UxAA; // 
- = { +0=0xAA; 


i ni ni ni n 
1 Ul Ul Ul U 

}■■ }■■ 




rot. 1 


op rotr { 
map rotr: 
operands { - 


(JxAB; // 
- = { +0=0xAB; 


10101011 

}; }; 




rotr 


}; 
// 

op add8 { 
map add8 : 
operands { - 

}; 


UxAC; // 
- = { +0=0xAC; 


i ni ni inn 
10101100 

}■■ }■■ 




SLGLCLo 


op sub8 { 
map sub8 : 
operands { - 


(JxAD; // 
- = { +0=0xAD; 


i m m i n i 
10101101 

}; }; 




_ 7 o 


}; 
// 

op add8c { 
map add8c: 
operands { - 


OxAE; // 
- = { +0=0xAE; 


10101110 

}; }; 




addcS 
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}; 

op sub8b { 
map sub8b: 
operands { - 


(JxAF; // 
= { +0=0xAF; 


10101111 

}; }; 




SUDD 8 


}; 
// 

op lsh81 { 
map 1 sh8 1 : 
operands { - 

}; 


UxBU; // 
= { +0=0xB0; 


1 U11UUUU 

}; }; 




isnlol 


op lsh8r { 
map lsh8r: 
operands { - 


UxBl; // 
= { +0=0xBl; 


10110001 

}; }; 




isnlor 


}; 
// 

op ash81 { 
map ash8 1 : 
operands { - 

}; 


UxBz ; // 
= { +0=0xB2; 


1 U11UU1 U 




asnioi 


op ash8r { 
map ash8r: 
operands { - 


UxBj; // 
= { +0=0xB3; 


10110011 

}; }; 




ashl8r 


}; 
// 

op rot8cl { 
map rot 8 cl : 
operands { - 

}; 


UxB4 ; // 
= { +0=0xB4; 


1 U11U1 UU 

}; }; 




JTOtCoJ. 


op rot8cr { 
map rot8cr: 
operands { - 


UxBo; // 
= { +0=0xB5; 


i n i 1/11/11 
10110101 

}; }; 




rotcSr 


}; 
// 

op rot81 { 
map rot81: 
operands { - 


0xB6; // 
= { +0=0xB6; 


10110110 

}; }; 




rot SI 
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}; 

op rot8r { 










map rot8r: 


UxB / ; // 


10110111 




rot8r 


operands { - = 


{ +0=0xB7; 


h I; 






}; 
// 










op cast { 










// 


// 


101110. . 


= 


cast <slg>, % 


map cast_uns_a 


: 0xB8; // 


10111000 


= 


cast 0 , %A 


map cast_uns_b 


: 0xB9; // 


10111001 


= 


cast 0, %B 


map cast_sig_a 


: OxBA; // 


10111010 


= 


cast 1, %A 


map cast_sig_b 


: OxBB; // 


10111011 




cast 1,%B 


operands { 










#1,%2 = {+0= 

}; 


DxB8; +0[1:1]=#1; +0[0: 


0]=%2; }; 


}; 
// 










op equals { 










map equals: 


OxBC; // 


10111100 


= 


SZ.3.CK <— ~6 A 


operands { - = 

}; 


{ +0=0xBC; 


}; }; 






op nots { 










map nots : 


OxBD; // 


10111101 




stack <= NOT s A 


operands { - = 

}; 


{ +0=0xBD; 


}; }; 






// 










op ands { 










map ands : 


OxBE; // 


10111110 




stack <— sA AND -50 


operands { - = 

}; 


{ +0=0xBE; 


h }; 






op nands { 










map nands : 


OxBF; // 


10111111 




Stack <= %A NAND %B 


operands { - = 


{ +0=0xBF; 


}; }; 






}; 
// 










op ors { 
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IUd.|J (J -L O . 

operands { - 

}; 


rwrn • // 
- = { +0=0xC0; 


7 7 nnnnnn 

XX uuuuuu 

h h 




a a Ir 






zip 5-p 




op nors { 
map nors : 
operands { - 


OxCl; // 
- = { +0=0xCl; 


11000001 

}; }; 




stack 


<= 


%A 


NOR %B 




}; 
// 

op xors { 
map xors. 
operands { - 

}; 


uxtz , / / 
- = { +0=0xC2; 


7 7 nnnm n 

XX UUUU ± U 

}■■ }■■ 




stack 




15 /i 


vnn a 13 
^IC^rt -5 .£5 




op nxors { 
map nxors : 
operands { - 


0xC3; // 
- = { +0=0xC3; 


11000011 

}; }; 




stack 


<= 


%A 


WXOJ? %B 


}; 
// 

op adds { 
map adds : 
operands { - 

}; 


UxL4 ; // 
- = { +0=0xC4; 


11UUU1 uu 

h }; 




stack 


<= 








op subs { 
map subs : 
operands { - 


0xC5; // 
- = { +0=0xC5; 


11000101 

h }; 




stack 


<= 


%A 


- %B 




}; 
// 

op addcs { 
map addcs : 
operands { - 

}; 


UxLo; // 
- = { +0=0xC6; 


11UUU11U 

h }; 




stack 


<= 




+ %B + 


% carry 


op subbs { 
map subbs : 
operands { - 


0xC7; // 
- = { +0=0xC7; 


11000111 

h h 




stack 


<= 


%A 


- %B - 


% carry 


}; 
// 

op lshls { 
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map 1 shl s : 
operands { - 

}; 


UxLo; // 
= { +0=0xC8; 


i i nn i nnn 
11UU1 UUU 

}; }; 




stack 


< — 


7 o J-i 7 

±sn± 


op lshrs { 
map lshrs: 
operands { - 


0xC9; // 
= { +0=0xC9; 


11001001 

}; }; 




stack 


<= 




}; 
// 

op ashls { 
map dSnis . 
operands { - 

}; 


r\\sHi\ • / / 

UXLA, // 

= { +0=0xCA; 


7 7 nn 7 ni n 

J. J. UUJ. UJ. u 

}; }; 




stack 


<. — 


a f h 7 

asm. 


op ashrs { 
map ashrs : 
operands { - 


OxCB; // 
= { +0=0xCB; 


1 toot o t T 

11001011 

}; }; 




stack 


<= 


ashr 


}; 
// 

op rotcls { 
map rotcls: 
operands { - 

}; 


n w r* - / / 
UXLL; // 

= { +0=0xCC; 


7 7 nn iinn 
11UU11UU 

}; }; 




stack 


< — 


rotcl 


op rotors { 
map rotors : 
operands { - 


OxCD; // 
= { +0=0xCD; 


T TOOT TOT 

11001101 

}; }; 




stack 


<= 


rotcr 


}; 
// 

op rotls { 
map rot 1 s : 
operands { - 

}; 


uxlil; // 
= { +0=0xCE; 


i i nni i i n 

}; }; 




stack 


< — 


2TOC J. 


op rotrs { 
map rotrs : 
operands { - 


OxCF; // 
= { +0=0xCF; 


TTOOTTTT 

11001111 

}; }; 




stack 


<= 


rotr 


}; 
// 

op add8s { 
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map add8 s : 
operands { - 

}; 


= { 


Uxuu; // 
+0=0xD0; 


11U1UUUU 

}; }; 




StaCKo 


<"— 


i 

T 


op sub8s { 
map sub8s : 
operands { - 


- { 


(JxDI; // 
+0=0xDl; 


i i r\ i n n n i 

11010001 

}; }; 




stacko 


<= 




}; 
// 

op add8cs { 
map add8cs : 
operands { - 

}; 


= { 


UxDz ; // 
+0=0xD2 ; 


11U1UU1 U 

}; }; 




StaCko 


<= 


+ + %caz*ry 


op sub8bs { 
map sub8bs : 
operands { - 


- { 


(JxDj; // 
+0=0xD3; 


i i /i i /i /i i i 
11010011 

}; }; 




J_ _ J_ 

stacko 


<= 


— — %carry 


}; 
// 

op lsh81s { 
map lsh81s : 
operands { - 

}; 


= { 


UxD4 ; // 
+0=0xD4 ; 


11U1 Ul uu 

}; }; 




stacko 


<= 


lsniSr 


op lsh8rs { 
map lsh8rs : 
operands { - 

}; 


= { 


UxDo; // 
+0=0xD5; 


1 1/11/11/11 

11010101 

}; }; 




stacko 


<= 




// 

op ash81s { 
map dsnois . 
operands { - 

}; 


= { 


u XJJ o , / / 
+0=0xD6; 


J. J. U J. V ± ± u 

}; }; 




suacKO 


— 


asno± 


op ash8rs { 
map ash8rs : 
operands { - 


= { 


(JxD / ; // 
+0=0xD7 ; 


11/11/1111 

11010111 

}; }; 




stacko 


<= 


ash8r 


}; 
// 

op rot8cls { 
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map rot8cls: 


UxDo; // 11U11UUU 




SV.SLCKO <— 


2TOC O CJ. 


operands { - = 

}; 


{ +0=0xD8; }; }; 








op rot8crs { 










map rot 8crs : 


UxDy; // 11011001 




stack.8 <= 


rotScr 


operands { - = 


{ +0=0xD9; }; }; 








}; 
// 










op rot81s { 










map rot 8 1 s : 


UxUA; // 11011010 




StcLCKo <— 


rotoi 


operands { - = 

}; 


{ +0=0xDA; }; }; 








op rot8rs { 










map rot 8rs : 


UxDB; // 11011011 




stack.8 <= 


rot8r 


operands { - = 


{ +0=0xDB; }; }; 








}; 
// 










op casts { 










// 


// 1101110. 




casts <s±g> 


map casts_uns: 


OxDC; // 11011100 


= 


casts 0 




map casts_sig: 


OxDD; // 11011101 




casts 1 




operands { 










#1 = {+0=0xDC; +0[0:0]=#1; }; 

}; 








}; 
// 










op call { 










map call: 


OxDE; // 11011110 


= 


call # 




map call_i: 


OxFC; // 11111100 


= 


call (%I) 




map call_j : 


OxFD; // 11111101 




call (%J) 




operands { 










#1 = { +0= 


OxDE; +1=#1[7:0]; +2= 


=#1[15:8]; }; 




(%1) = { +0= 

}; 


OxFC; +0[0:0]=%1; }; 








}; 

op return { 
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map return: 


r\ i \ I i . // 11/111111 

UxDh ; // 11U11111 




return 


operands { 


- = { +0=0xDF; }; }; 






}; 
// 








op int { 








map int : 


OxEO; // 11100000 


= 


int <n> 


operands { 








#1 = { +0 

}; 


=0xE0; +1=#1; }; 






}; 

op iret { 








map iret : 


p, , ^ -i-i -i . // 11100001 

UxEl; // lllUUUUl 




iret 


operands { 


- = { +0=0xEl; }; }; 






// 








op imrl { 








map imrl : 


0xE2; // 11100010 




IMR load 


operands { 








#1 = { 


+0=0xE2; +1=#1[7:0]; }; 






); 

operands { 

}; 


- = { +0=0xE2; }; }; 






op ivtl { 








map ivtl: 


0xE3; // 11100011 




IVT load 


operands { 








#1 = { 

}; 


+0=0xE3; +1=#1[7:0]; +2= 


=#1[15:8]; }; 


}; 
// 








op flag_i { 








map flag_i_ 


clr: 0xE4; // 11100100 




flag_i 0 


map flag_i_ 


set: 0xE5; // 11100101 




flag_i 1 


operands { 








#1 = { +0 

}; 

}; 


=0xE4; +0[0:0]=#1; }; 
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// 










op flag_c { 










map flag_c_clr: 


0xE6; 


// 11100110 


= 


flag_c 0 


map flag_c_set: 


0xE7; 


// 11100111 


= 


flag_c 1 


operands { 










#1 = { +0=0xE6; +0[0 

}; 


:0]=#1; }; 






}; 
// 










op in { 










map in_num_a : 


0xE8; 


// 11101000 


= 


in <n>, %A 


map in_num_b: 


0xE9; 


// 11101001 




in <n>, %B 


map in_num_mi : 


OxEA; 


// 11101010 


= 


in <n>, (%I) 


map in_num_mj : 


OxEB; 


// 11101011 


= 


in <n>, (%J) 


operands { 










#1,%2 = { +0 


=0xE8; 


+ 0 [0 : 0] =%2; 


+ 1 


=#i; }; 


#1, (%2) = { +0 

}; 


=0xEA; 


+ 0 [0 : 0] =%2; 


+ 1 


=#i; }; 


}; 

op out { 










map out_a_num: 


OxEC; 


// 11101100 


= 


out %A, # 


map out_b_num: 


OxED; 


// 11101101 


= 


out %B, # 


map out_mi_num: 


OxEE; 


// 11101110 




out 


map out_mi_num: 


OxEF; 


// 11101111 


= 


out (%J) , # 


operands { 










%1,#2 = { +0 


=0xEC; 


+ 0 [0 : 0] =%1; 


+ 1 


=#2; }; 


(%1) , #2 = { +0 

}; 


=0xEE; 


+ 0 [0 : 0] =%1; 


+ 1 


=#2; }; 


}; 
// 










op ifack_jump { 










map ifack_jump: 


OxFO; 


// 11110000 




jump if ack from device 


operands { 










#1,#2 = { +0 

}; 

}; 


=0xF0; 


+!=#!; +2=#2[7 


:0]; +3=#2[15:8]; }; 
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op ifack_call { 

map ifack_call: OxFl; 
operands { 

#1,#2 = { +0=0xFl; 

}; 


// 11110001 = 

+!=#!; +2=#2[7 


call if ack from device 

:0]; +3=#2[15:8]; }; 


}; 
// 

op cmpr { 
map cmpr : 
operands { - 

}; 


0xF2; 
= { +0[7: 


// 11110010 

0]=0xF2; }; } 


r 


compare sa, 


op testr { 
map testr : 
operands { - 


uxh o } 
= { +0[7: 


// 1111UU11 

0]=0xF3; }; } 


t 


^ _ _ j_ Q_ 71 Q.D 

teSt ^A, -6D 


}; 
// 

op cmpi { 
map cmpi : 
operands { - 

}; 


0xF4 ; 
= { +0[7: 


// 11110100 

0]=0xF4; }; } 


r 


COItip3.ro , 


op testi { 
map t e s 1 1 : 
operands { - 

}; 


uxh o ; 
= { +0[7: 


// 1111U1U1 

0]=0xF5; }; } 


r 


test , (%J) 


// 

op cmps { 
map cmps : 
operands { - 

}; 


0xF6; 
= { +0[7: 


// 11110110 

0]=0xF6; }; } 


r 


compare stack 


op tests { 
map tests: 
operands { - 


0xF7; 
= { +0[7: 


// 11110111 

0]=0xF7; }; } 


r 


test stack 


}; 
// 

op cmp8i { 
map cmp8i: 


0xF8; 


// 11111000 




compare8 (%I) , (%J) 
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operands { - 

}; 


= { +0[7 


:0]=0xF8; }; } 


r 


op test8i { 
map test8i: 
operands { - 


0xF9 ; 
= { +0[7 


// 11111001 

:0]=0xF9; }; } 


= tests (%I) , (%J) 


}; 
// 

op cmp8s { 
map cmp8 s : 
operands { - 

}; 


r\ w it 1 7\ ■ 
Uxh A; 

= { +0[7 


// 11111U1U 

:0]=0xFA; }; } 


= compare8 stack 


op test8s { 
map test 8s : 
operands { - 


Uxh B ; 
= { +0[7 


// 11111U11 

:0]=0xFB; }; } 


= testa stack 


}; 
// 

op stop { 
map stop: 
operands { - 

}; 


OxFF; 
= { +0[7 


// 11111111 

:0]=0xFF; }; } 





13.14 Microcode 

It follows the microcode listing, describing the opcode procedures. 
The microcode is much different from the previous version, because 
the bit fields have different names and because the memory is ac- 
cessed in a new slower way. Please notice that the fetch cycle is 
started with just f etch=f 1, but it requires two clock cycles and a 
separate ctrl=load is also required. 
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Listing 13.43. Microcode for TKGate. 



begin microcode @ 0 




// 




fetchl : 




// MAR <= PC++, MIR <= RAM == 


fetch=fl; 


mar=p mar=rank8 mar=load pc=dpl 


mir=ram_read; 


fetchO : 




// MIR <= RAM, MPC <= MIR 




ctrl=load; 




// 




nop : 




// MPC <= # fetch 




addr=fetchl jump=true; 




// 




cp_i_j : 




fetch=fl j=a j=load i=a i=bw; 


// J <= I 


ctrl=load; 




cp_i_a : 




fetch=fl a=a a=load i=a i=bw; 


// A <= I 


ctrl=load; 




cp_i_b : 




fetch=fl b=a b=load i=a i=bw; 


// B <= I 


ctrl=load; 




cp_i_sp : 




fetch=fl sp=a sp=load i=a i=bw; 


// SP <= I 


ctrl=load; 




cp_i_bp : 




fetch=fl bp=a bp=load i=a i=bw; 


// BP <= I 


ctrl=load; 




cp_i_c : 




fetch=fl c=a c=load i=a i=bw; 


// C <= I 


ctrl=load; 




cp_i_f 1 : 




fetch=fl fl=a fl=load i=a i=bw; 


// FL <= I 


ctrl=load; 




cp_j_i : 




fetch=fl i=a i=load j=a j=bw; 


// I <= J 


ctrl=load; 




cp_ j_a : 




fetch=fl a=a a=load j=a j=bw; 


// A <= J 


ctrl=load; 




cp_ j_b : 




fetch=fl b=a b=load j=a j=bw; 


// B <= J 



Version "E" 



1021 



p +~ t~ 1 =1 o^iH • 

L- L_ I — L 1 UaU ^ 






fi T~v — 1 Q YJ • 
L^jJ J 0£A . 






"F P 1 1" p "h = f 7 1 ^ n = 3 o -p)= 1 pap] Hi 

J. C L- Lll J- X O JLJ d O J-A X LJ CL LA. I 


— 3 -1 =V)T.J • 

CL I i~J W ^ 


// SP <— J 


+~ T~ 1 =1 O^lH • 
L- L_ I — L X LJ Ci LJ ^ 






CTi H hn * 

» KA I XAK- ' * 






"Ft^F p"h = "F 1 h"n=3 V^n— 1 p)3p] H 

X \Z, L Ull XX .kA kA CL .kA kA X kJ Cl LA. J 


—3 ~i =hw ■ 

CL I W f 


// BP <— J 


+~ T~ 1 =1 O^lH * 
OLJ — L XLJcLLJ^ 






ppi H p • 
L^jj j ■ 






"Ff^F cY\ = "F 1 p =3 p=l P3H H=3 

1CLL.11 J- X cl ±Uu LJ I CL 


"J — * 


/ / C <= J 








cp j f 1 '. 






f et rh=f 1 f l=a f 1=1 oad i 

J_ ^ - C ^ * 11 J_ _1_ J_ _1_ CL _L_ _!_ _1_ vA OL ! 


— 3 "1 — hw ! 

CA I -kA VV ^ 


// FL <- J 








cp a i i 






"FpFp"h = "F1 i =3 i =1 n^H 3=3 

_1_ \ — - C V^. 11 _1_ _1_ _1_ CA _1_ _1_ OL \JL CI 




// I <= A 


+~ T~ 1 =1 O^lH • 
L- L_ I — L X La Ci LJ f 






ppi ^ ~i " 

L_>jJ cl J . 






"FpFp"h = "F1 H^fl = l nsH 3=3 

J_ C L- 1 1 -1- _L I CL I X LJ CL VA CL CL 




// J" <= A 


LLI X — X LJciU. ^ 






pn 3 Vl ' 

' — ■ f-A CL kA ■ 






"FpF pVi = "F 1 h=3 h= 1 n3H 3=3 

_1_ C V^. 11 _1_ _1_ kA CL .kA _i_ VA CL vA- CL CL 






/— i"t~ v* "1 =1 p a H • 

L-, I L X X La Cl LJ ^ 






fn 3 0 pi • 

L_>jJ CL O^J • 






"F P> t" P l"i — "F 1 cri — 3 QPi— 1 p;3p] ^ 
1CLL11 XX 0 kA Cl O \-J IUu LJ Cl 


CL CL kJWf 


// <= A 


p "h y 1 =1 i^i^H • 

l L X X LJ Cl LJ ^ 






PD 3 PiT) * 

» h-* CL .kAKA • 






"FpFpVi = "F1 Vi"n=3 hr)=l P3H 3 

_L_ ^ — - C ^ ' 11 X _1_ kA K-A CL kA kA _L_ CL vA. CL 


=3 3 -hw * 

CL CL -KA VV ^ 


// BP <= A 


LLI x — X LJciU. ^ 






L_>|J Cl . 






"Fp1"ph = "F1 P = 3 P=lp)3Pi 3=3 

-1— v — - C ^> — ' 11 J_ _L V — ' CL V — - _|_ V — ' \^_A- K^A. Oi. CL 


a~ low ^ 


// C <= A 


LLI X — -1-LJclLJ.j 






ppi ^ "FT" 

L^JJ Cl J — L . 






fetch=fl fl=a fl=load a 


=3 3 =bw ; 

CL CL -KA VV # 


// FL <= A 


LLl X — XLJclLj.^ 






ppi 1 • 

L^ JJ U X . 






"Fp1~ ph = "F 1 i =3 i =1 p)3pl h)=3 

_1_ ^Z. C *v 11 J_ _L _1_ CL _1_ _1_ CL LA CL 


b— b w ^ 


// I <= B 


p "h t~"I =1 p^iH • 

L- 1 L X X LJ Cl LJ ^ 






ppi Iri H • 

L^ JJ U J . 






"FpFpIi = "F1 H = 3 H = 1n3p] h)=3 

J_ ^ C L- 1 1 X _L I CL I _1_ W CL VA Xa CL 


b~b w ^ 










ppi "h ^1 • 

L^ JJ U CL . 






fetch=fl a=a a=load b=a 


b=bw; 


// A <= B 


ctrl=load; 
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"Fp>1~ cY\ = "F 1 qn = a q T")= 1 h = p V^^V-jtat • 

J_ \3 L L-ll -L _L Ok-" CL O k- ' -L ky CI vJ- t~J CL -Ly W f 


// SP <— B 


pf r 1 — 1 pi 3 iH • 




> Ks KJ * 




■Fp>1~ ph = "F 1 hn~fl hr)=l o^H Vj=^ h=hiw * 

_L I - C ^ * 11 _1_ _L Kj CL k-* -1— v> CL vA- J^/ CL 1 VV # 


// BP <- B 


fif r 1 — 1 pi 3 <H • 




ppi V~i P • 




fpt" rh — "F1 c=ri c = ^ Orirf Y)=Pi V~)=h)w : 

_1_ ^ — - I — ' 11 J— _l_ 04- V> -L_ v_A -kA CL -kA -K^ VV ^ 


// C <= B 


pf r 1 — 1 pi 3 iH • 




cp b f 1 ; 




"Fp1~ r , "h = "F 1 "F 1 — p\ "Fl=lo^H h— hw * 

J_ \3 L 1^11 -L _L -L _L CI -L _L -L W CI vJ- CL -ky W ^ 


// FL <— B 


P +~ T~l =1 P 3 (H * 
O L- X X 1 UClU.^ 




fn q -p) -1 • 

> • r—' Ok-" -L * 




"Fp1~ r , "h = "F 1 i=3 i —1 n^H q -n= =i q "n— Vrw * 

J_ \3 L 1^11 -L-L -L CI -L -L w CL V-L O k^ CL O k-* -ky W f 


// I <— SP 


c\~ p 1 =1 na H • 

k-. I I — L ±UuU/ 




> k-* Ok-" \ * 




f p"h - -F1 ~i =a "i = 1 fiflfi q -pi— .a mi-hw * 

-1- ^ L 1^11 -L-L I CL \ -L vy CL k-L O kj' CL O k^ -ky VV f 


// J <= SP 


p +~ rl =1 p 3 p! • 




'^j—' DJJ CL * 




_L V — - C ^ ' 11 -L_L CL CL CL _L CL kA O k^ CL O k-' -ky VV r 


// A <- SP 


P +~ Y~ 1 =1 P 3 p] * 
O 1 L-L 1 UClU.^ 




r'Tl Q P) Vl " 
k^kJ Oj^ kJ ■ 




_L V — - C ^ ' 11 -L_L CL _L CL O k^ CL O k^ VV # 


// B <= SP 


OLJ — L 1 UuU ^ 




pn qn hn ■ 

k^k-' Ok-" J^k- 1 • 




"Fp>1" p"h = "F 1 Y)V)=?i Vrn= 1 o^H q -p>— r> mn-hw 

_L \ — - C 11 -L_L i^/ k-' CL _L \_J CL ^ — L O k^ CL O k-' VV / 


// BP <- SP 










_L ^ — - C ^ ' 11 -L_L CL _L CL VJ. O k^ CL O k^ VV r 


// C <= SP 


OLJ — L 1 UuU ^ 




c*y~\ on "F 1 • 

L^^J O j~J X X • 




"Fp>'hr , Vi = "F1 "Fl=^ -f 1 =1 n^H o -r^ = pi q-pi^VMnr* 

1" L Lll -L_L J L CL J L -L^CL ^J. O f-J CL O xj W ^ 


// WL <— <?P 


OLJ — L 1 UaU ^ 




^ J-J Uj^ X . 




f r P i 'hr'}i = "F1 i—3 i =1 p,^H V^T)=^i hn=hw ■ 

J_ \Z, L. -L_L _L CL -L _L KJ CL J^" kv CL l~J k-" -ky W ^ 


// I <— BP 


LLJ — L 1 UuU ^ 




JJ]J J • 




_L ^ - C ^ ' 11 -L_L I CL 1 _L VA CL ^A. -kA k.^ CL _k_y VV # 


// J <— BP 


OLJ — L 1 UaU ^ 








"Fp>1~f""'l"i^="F1 3 = 3 3 = 1 naH V~)T") = ^ Vi"pi=V~ita7 • 

1CLU11 -L_L CL CL CL _L CL \JL \~J CL l~J kJ kj vv ^ 


//A <— BP 


ctrl=load; 




cp_bp_b : 
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f pf ph - -F1 h=3 h— 1 naH V~i"n=^ hr)-bw * 

_1_ — - C* ^ * 11 _1_ _L i^J CL j^/ _L_ CL -k^ CL J^* kv VV # 


// B <= BP 


P"F T 1 =1 " 
O I I L ± UQU ^ 




f~*T~i V~iT~s on • 




■fpt" p"h = f" 1 Qn=3 qn=l 03H lrn= a hn~ hw ■ 

_1_ \ — - C- ' 11 J_ _L O p— ' CL O r—' -L_ v> CL \A k^ CL -k_y kv .k_J VV / 


// SP <- BP 


O L. -L X lUuU.^ 








f p"h - -Fl p = 3 p^l naH h)"n = ^5 VlD— hw * 

J_ ^ L ^11 -L- -L CL V- -L W CI i~J k> CI -K^ f-' iyj VV ^ 


// C <= BP 


/— i"t~ t~1 =1 n3 H • 




pn hf) f 1 " 




fstch— f 1 fl— a. fl=loa.d. t)p=a. bp— bw* 


// FL <- BP 


OLI J- ±U dU. f 




cp c i * 




fpt" ph — "F 1 i =3 i —1 n^ci p = 3 r*— hw* 

_1_ ^ — - C* ^ ' 11 J_ _L -1- CL. —1— -L_ CL * — CL -k^ VV / 


// I <= C 


P""' "H Y~ 1 — 1 p\ ;a p~] • 








f pi~ p"h = "F 1 i=rj i^lo^fi p — a p-hw: 

_1_ ^ — - ^ — ' 11 _1_ _l_ 1 CL I -L_ CL V— *t > — > CL k^ VV ^ 


// J <= c 


f~* ~\~ ~y~ 1 — 1 p\ pj pS • 




L^j-J <^ CL ■ 




"FpFpVi = "F1 a =a 3 = 1 n^H p=3 p= hw * 

J_ ^ U Cll J- -L CL CI CL -L- W CL kA V — • CL > — . VV f 


// A <- C 


f~* ~\~ ~y~ I — 1 p\ pj pS • 
L> L, X X — X UclU. ^ 




cp c b 




f p "P p Vi = "F 1 \~)=p\ b= 1 oad p = 3 p=v-)w> 

_J_ ^ - C* ^ ' 11 J— _L i^J CL _L_ CL kA \^ CL J^J VV / 


// B <- C 


OLJ — L 1 UClU ^ 




c^t^i c on • 




f pf fh~f 1 cn = a o -p)= 1 r\p\r\ r* = p\ p=V-)t»t • 

J_ \Z, L Ull -L. -L O K-f CL O k- 1 -L w CL vJ. O CL W ^ 


// SP <= c 


L-LJ — L 1 UClU ^ 








_L_ ^ - C* ^ ' 11 J— _1_ CL J^J _L_ k_y CL v^L CL _k^/ VV # 


// BP <= C 


r^l - T~1 =1 OPlH * 
OLJ — L 1 UClU ^ 




c^t^i c "F "1 • 

<^ ±- -L ■ 




f pj-i - -Fi -f ] =zz "F1=1p^H p =a p="Ktat • 

_L_ ^ - C^ ^ ' 11 _1_ _L _L_ _1_ CL _1_ _1_ _1_ k_y CL v^L CL V ' _k^/ VV # 


// Fi <= C 


pf r 1 — 1 p. 2 H • 




f"*r"~i "F 1 n ■ 
J L -L . 




f pf ph — fl i=a i =1 naH -p 1 =3 "Fl =hw * 

J_ \3 C Ull -L -L -L CL -L -1- W CL V-L J_ _L CL -L. -L l~/ W ^ 


// I <— FL 


pf r 1 — 1 pi • 




r^r^ "F 1 ~i • 
1^]^ J — L J . 




fstch— f 1 j~s j— load fl—a. fl— bw; 


// J <— FL 


p-> -|— y- 1 — 1 i^PlfH • 




r^r^ "F 1 3 • 
L^]^ J — L ct ■ 




"Fp>FpFi — "Fl a = l p^H -Fl=3 -F 1 =>-)t a t • 

J_ \3 L ^11 -L. -L CL CL CL _1_ K_J CL J_ _L CL -1- -L i~J W ^ 


//A <— FL 


P"F T 1 =1 O ^ H • 




cp_f l_b : 




fetch=fl b=a b=load fl=a fl=bw; 


// B <= FL 
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pf rl =1 p a H • 








"F 1 Q PI " 
_J_ _L O ]-> . 








f 7 <=» i~ p h = "F 1 ^n^a cin=l n^H "Fl=a f 1 =hw // <= FT. 

J_ \Z, L Ull -L _L Ok-" CL O k- 1 _L d V-L -L -L CL -L -L i~J Vv f / / JT ^ X XJ 








pf v-1 — 1 pa H * 
L> L- -L _L J_ vJ CL LA ^ 






ppi 


_J_ _L iJ\J . 








■Fpt nh='F1 bn=a bn= load "f 1 —a *F1 =hw * / / BP <= 1T.L 








pf rl =1 p a H • 
L> L- -L X _L LJ CL L-L ^ 






cp 


f 1 c : 








fptrh = f1 r=a p = lnari f 1 =a f 1 =bw • // C <= FL 

J_ v3 L Ull -L-L • CI _1_ VJ CL V-L J_ _L CI -L -L i^J vv f / / \mf ^ X XJ 








ft r 1 — 1 pa H • 






PP1 


nuin i > 








// MAP <= PC 1 +=2 MDR <r= RAM r»7r>r»fc-<?) • 








ma? — pi m a r = ranV1 h mar=lpapl pi p = pfr\ mpl ? ram r o a H • pt rl — pi pn 

ILLCL-L \J ILLCl-L I_ CL 1 1 JV _L U ILLCl-L — -J_vJClLJ. \~J O \Ji^J ^ 1LLLA-L J_ CtlLL J_ fc! CL L-L ^ U 1 [ L — HL->kJ 


• p t r 1 

/ L, J — L 


— Pi PP~i • 
1 1 vJ kJ f 




// X <= MDR • 








"Fp>tpl"i — "F1 i ~a i =1 naH mH r =a TTif]r=r^ri V 1 f\ Trip] r— hw* 

J_ V3 L. Ull -L-L -L CI -L _L vJ CL 1 LLv-L J_ CL 1L LVwL -L J_ CL 1 1 XV _L vJ 1 L L^J. J_ -k> W ^ 








ft r 1 = 1 n^H • 

L> 1 L _L 1UQ L-L f 






PP1 


nurn j * 








// MAP <= "PC4-=9 MDR <= RAM ( ? r»7r»r»k«:) • 








ma r — -q Tnar"=r3nVl (-i mar=lpapl rip = rlri9 rtiHr^rsm r o a H • pt rl =nnn 

ILLCL-L \J ILLCL-L I_ CL 1 1 JV _L vj ILLCl-L — ±UClU. Ip xr 1LLLA.L J_ CllLL J_ t: CL <Jl f U 1 I L llL*kJ 


ft r 1 


— pi p-p • 
i \.yJ \J f 




// J <= MDR ■ 








f r f^tr , "h = f r 1 "l^a -i = l nari rnHr^a TTiplr^r^riV 1 TTirS T=hw * 

J_ \Z, L. -L _L J CL J -L w CL 1 L L V-J- -L CL 11 LVwL -L J_ CL 1 1 XV _L \J 1 L L VU. J_ W f 








f t rl =1 f^H • 

K^- ' L _L 1UQ \J. f 






ppi 


num s t 








// MAP <— MHP <*— RAM / ? r»7o/-»t<?J * 








m a t~ =:T~i tti a r=ra ri V 1 TYi a r — 1 paH r~i p ^ /H n y tti (H r = r a m roaH ■ pf r 1 = ■pi p~i pi 

ILLCL-L kJ ILLCL-L J_ClllJVJ_vj 1LLCL-L — XUClU. L-L LJ Z, ILLd-L J_ CllLL J_ t: Cl \Jl f U 1 L L llLJkJ 


" P t r 1 


— pi p-p • 




// A <= MDR • 








f pt f h = f 1 a = l naH mHr^s rnHr-ranVl fc\ mH r~=t^T/iT * 

J_ C L L-ll — -L X CL — CL CL ±Uu \Jl 1 LLW. -L CL 1L \.\Jl J_ .LC111JS.XU 1L l\JL J_ J^J W ^ 








ft r 1 =1 n^H • 

L> 1 L _L 1UQ V-L f 








pi "M TTI Vt * 
1 1 U.1 L L ■ 








// MAP <= V>C+=2 MDP <= RAM f 7 r>f Jr <? ) * 








tti 3 r =:p~i tti a p= pa n V 1 Q~\ tti a r = 1 pan pi p ^ p p~i O tti H p= p a tti roaH ■ pf v 1 •= pi pp~i 

ILLCL-L \J ILLCL-L J_ClllJVJ_vj ILLCL-L — _L KJ CL KJ. kJ <^ \J.\J ^ 1LLLA.L J_ CllLL J_ t: CL \Jl f U 1 L L llKJyJ 


ft r 1 


— pi p-p • 

nop , 




/ / B <= MDR • 








fstch~fl to— a. b— load. md.r— a. mdr"— rankl 6 rndir— bw; 








ft r 1 =1 n^H • 

L> 1 L _L 1UQ V-L ^ 






cp_ 


_rni a \ 








// MAP <= T MDR <= RAM f 7 r>f Zr ) • 








tti a r — i TTiap=paTiVl (-i ma r— 1 naH mH p— pam roaH" pf r 1 =nnri • pf r 1 — 

ILLCL-L _L ILLCL-L J_ClllJVJ_vj ILLCL-L — _L vJ CL v-L 1LLLJ..L J_ CllLL J_ CL v_i / L> 1 L L LLKJ^Jf L.I L L — 








// A <= MDR • 








f r p't"p"h= : "F1 a=a a — load md t— a rnHp-ranVI fl md r-hw * 

_1_ \ — - L_ V * 11 _1_ _l_ CL CL CL _1_ Vv CL VL ILL v-L _L CL ILL V_L _1_ _1_ CL 1 1 J V _L :J ILL _l_ U VV / 








pt rl =1 paH • 






pn 


mi b * 








// WflK <= I, WDJ? <= J?AM (3 clocks); 








mar=i mar=rankl6 mar=load mdr=ram_read; ctrl=nop; ctrl= 


nop; 
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// S <= MDR ■ 










"Fp>t Ph — "F 1 b=a n»= 1 oar] mHr=3 rnH t=tp\ nV 1 ("i mr]'r 

J_ \3 L Ull -L -L ■kj CI l~J -L. L 1 CL LI 1 L L vJ- J_ CL 11 Ll^A. — - J_ CI 1 1 -TV _l_ vJ 1 L Lk_A J_ 


—low • 








ft r 1 — 1 f a H ' 

L> 1 L _L 1UQ LL ; 








cp_ 


_m. j 3 '. 










// MAR <r— ,T MDR <— RAM /I r*lrtr>lcc\ • 










ma t= i ma r— r a nV 1 (-i ma?~-=lp~iaH m H t — t 3m roaH • 

LLLCL-L J ILLCt-L. j_CtlLJV__vj LLlCLi- — -LUClU- ILLLl-L. J_ CtlLL lt_TCLLL^ 


/— < t r 1 =nrin • 

L- L -L _L 1 L L> j-* ^ 


ft T\ = 
L- 1 L — L — 


ri p,-pi • 
IIL'jL' f 




// A <= MDR ' 










fpt" ph = "F 1 a =a a = l narl lriHr^a niri "r="r a nlcl ttiHt 

_l_ v_7 ^ . 11 _1_ _l_ C-i CL CI _1_ CL v_A 1 L L J_ CI 1 L L -1— J_ CI 1 1 JV _L W ILL Ci. _1_ 










ft rl = 1 oa H • 

1 L _L _L W Ct LI f 










_m. j b i 










// MAR <= ,T MDR <= "RAM ( ? r»7r»r»fe-<?) • 










m a t~ — — i m a t~ — ?~ a ri lr 1 ^ tyi a t* — 1 naH in H t — y a in roa H ■ 

IlLcL-L J ILLCt-L. j_CtlLJV__vj LLlCLi- — J_L>CtLL ILLLl-L. -L CtlLL j_t_TCLLL^ 


/— < t r 1 —"pi pn * 

L- L -L _L 1 L yJ^J r 


ft r 1 = 

L- 1 L — L — 


pi p,-pi • 
llL'jL' ^ 




// B <= MDR ■ 










tpt rh - "F1 V~i=a "h=lorTiH mH T"=a imH t~= ra n k" 1 ttiHt 

_L_ V — - ^ * 11 U C*J- -K-/ _l_ CI \wA 1 L Lv^_ _L_ C-L 1 L L^A. _1_ _L_ t_-L 1 1 A. _L_ \J ILL V^A _L_ 


—low } 








p"* t t~ "1 =1 ria H • 

L-L.LX J_ L> Ct LL ^ 








L. jy_ 


a m ~i • 

CL ILL _1_ ■ 










// MDR <= A 










m H r~ = a mHr--:! r^iaiH 3 — V^TaT* 

ILLLL-L CL ILLLi-L -LLJCLLL Ct JJ W f 










// MAR <= I RAM <= MDR (2 clacks) 










ma r— i mp r=i"Pi n k 1 n ina r=1 naH m ai r~ — t 3 m wr i t p • 

1 L L Ct -L_ -L ILL CI -1- -L_ CI 1 1 -TV ± U ILL CI J_ _l_ W CI H. ILL CI -L- -L CI ILL Vv J_ _l_ 1 "3 f 


ft t~1 -npin • 


Ctrl 


—nop / 




f pt ph — "F1 ■ pi - r 1 =1 naH * 

IC LL-ll .1 — L f L- 1 l — L — XLJClLl/ 








cp_ 


ci m j • 










// MDR <= A 










mH? — ai ttiHt~— 1 oairS a — V^TaT * 

ILLLt-L Ct ILLLI-L _L L^ Ct Li Ct kj W f 










// MAR <= J RAM <= MDR {3 clacks) 










ma -p= n rrifl -r — TairiVlfi Tf] Pi Y~ = 1 O Pi c\ YD Pi T~ T PiXX) wri tP ' 

ILL CL -1— I ILL CI -1— -1— CI 1 1 A. _L_ \J ILL CI _L_ _L_ CI \X ILL CI -1— J— CI ILL V V _L_ _L_ C / 


ft t 1 — n nn • 


Ctrl 


—nop / 




IcLLIl 11; L,L-jL± — J-tJctLl; 








cp_ 


b mi '. 










// MDR <= B 










ILLLt-L Ct ILLLl-L _LL>CtLl i-J kjw f 










// MAR <= I RAM <= MDR {3 clocks) 










ma r = i ma r— ran V 1 (-i ma r=l nari maT~~Tam w t™ i t p> * 

1 L L CL -L. -L ILL CL -1- -L CL 1 1 Jv _L \J ILL CL -L. -L L" CL H. ILL CL -L- -L. CL ILL Vv J_ _L 1 <3 f 


ft t~ 1 -nn n • 


ct r 1 


—nop / 




J_tiLL.il — 11/ L,L.J-J- — lUctLl/ 








cp_ 


_Jo m j i 










// MDR <= B 










mH? — a mHr-1 naH V\— V^t.t* 

ILLLt-L Ct ILLLl-L _LL>CtLl i-J kjw f 










// MAR <= J RAM <= MDR (3 clocks) 

f / A _f— X\ ^ *^ ^ lull J ~ ^ _ II 1 v | _1_ y 










maT-^n mar- TanlclfS rna r=l n^H mar=ram wri fp • 

ILL CL -1— I ILL CL J_ _L_ CL 1 1 JV _L_ \J ILL CL _L_ _L_ v> C-L v>L ILL CL _1_ J_ d ILL V V _L_ _1_ L_- \_T- / 


ft t~ 1 — n OT) ' 


Ctrl 


—nop } 




f pt f h — f" 1 ■ f t rl =1 nari ■ 








L. jy_ 


nil m m ~\ * 

1 1 HILL ILL _i_ . 










// MAR <= PC+=2 MDR <= RAM (1 clncks) - 










mar=p mar=rankl6 mar=load pc=dp2 mdr=ram 


_read; ctrl^nop 


; ctrl^nop; 




// WAR <= J, .RAM <= MDR (3 clocks) 
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mar=i ma r- rank 1 6 mar- load mar-ram_write ; 


Ctrl 


=nop; 


Ctrl 


-nop; 




1C L Ull J_ J_ ^ L-- ' L_L 1UQ LA ^ 










o_kJ_ 


1 1 LULL ILL J . 

// MAR <= PC+-2, MDR <= RAM (3 clocks) ; 












ma r — -q mar^^T^aTiVI f-i ma r = 1 naH t"i p — H t~~i 'a' mH r— ram 

ILLCl-L kJ ILLClJ- J_ Ct 1 1 JV J_ vj ILLd-L — J_ LJ CL LJ- JkJ O L-L LJ Z, 1LLLJ.I- J_d.lL 


_read; ctrl-nop 


• pf yl =npD 1 
/ L-- 1 — L — L IlLJkJ^ 




// MflR <= iT RAM <= MDR (3 clacks) 












mar-j mar-rankl6 mar-load mar-ram_write; 


L^ l — L J_ 


1 1 LJ J-A ^ 


L 1 — 1 — L 


=nop; 




"F P> 1~ f ll = "F 1 * pf r 1 --1 naH • 

1C L Ull J_ J_ ^ L-- 1 l__L lUu La ^ 










o_kJ_ 


_rn i m u i 

// WAR <- I, MDR <- RAM (3 clocks) ; 












m a t n m a t v a ri L~ J in a ? 1 s~\ a p m p t r~ 3 m v ___ a /"i • 

ILLct J_ — _L ILLci J_ — I_ ct 1 1 JS. J_ L) ILLclI- J-LACiLJ. ILLLaJ- J. CtILL J. tr Ct Ll / 


ct r 1 — 

O L. J — L 


1 1 LJ ^ 


L- 1 L L 


nop } 




// AJAR <= J RAM <= MDR (3 clocks) 












mar= j ma r- rank 1 6 mar-load mar-ram_wr ite ; 


r — - H — -» — n 

L^ l — L J_ 


1 1 LJ J-A ^ 


L 1 1 L 


-nop; 




"F^1~ ph = "F 1 ■ pf r 1 =1 n^H ■ 

J_ J_ ^ L-- 1 l__L ±UQ LA ^ 










o_kJ_ 


_m ~i m i * 

// MAR <- J, MDR <- RAM (3 clocks) ; 












m a ? — — i m a t — ra ri V 1 f-* m a t~ — 1 na H m t~ — y~ a tti roaH ■ 

ILLCL-L J 1LLC-J_ __C-11JS-_LU ILLCt-L _L La Ct LA 1LLLJ.J_ J_ CtILL JLtJClLl/ 




nop } 


pf r 1 — 

LLI1 — 


n pin • 

llLJj^J / 




// MAR <= J RAM <= MDR f.3 clocks ) 












mar=i mar- rank 1 6 mar- load mar-ram_write ; 


O L. J_ J_ 


1 1 LJJ-J / 


L- 1 — L 1 


=nop; 




"Ff i 1~r , "h = f r 1 ■ pf r 1 =1 p^H ■ 

1CLL11 J_ J_ ^ 1 ± U Ct VA ^ 










o_kJ 


3 num. l i 

// MAR <= RC-t—t- MDR <= "RAM (2 cl neks) • 












ma ? — ri m a r~ — ranV ma? — 1 naH ri p — Hri 1 mH ? — t~ a m 

ILLCtJ. LJ ILLCti. J_CtllJVO ILLCl-L J_ LJ Cl LJ. \X\J -L 1LLLJ.-L — J_ ClILL 


r e ad } 




—nop } 






// I <= MDR • 












fetch-fl i-a i-load mdr-a mdr-rank8u mdr 


JJW f 










pf r 1 — 1 Ci^i H • 

L> 1 L _L lUu LJ. ^ 










cp 


3 num j t 

// MAT? <"= pr+J. MDR <= "RAM (2 cl neks) • 












ma? — r"i ma r— ranV R ma? — 1 naH np — Hri 1 mH? — ?~am 

ILLCtJ. LJ ILLCti. J_CtllJS.O ILLCL-L _L La Ct La U.|J 1 1LLLJ.-L — J_ ClILL 


read } 


pf T- 1 

till 


—nop } 






// J <= MDR ■ 












fetch-fl j-a j-load mdr-a mdr-rank8u mdr 












pf r 1 — 1 C)^c\ ' 

L^ 1 L _L 1UQ L-L f 










P"*r"~i 


3 Ti 1 1 m a • 

J IILL-LL Ct • 

// MAR <= pr++ MDR <= "RAM (9 cl neks) • 












ma?~=T~i ma r— ranV fi ma?~=-:l r~\aH np = Hr~i1 mH r — ?~am 

iLLCl-L \~J ILLCtJ- J_CtllJVO ILLCtJ- J_ LA Ct LA k-> L- LJ. f-A J_ 1LLLJ.J- — J_ ClILL 




Cl r _L 


—nop } 






// A <= MDR ' 












fetch-fl a-a a-load mdr-a mdr-rank8u mdr 


=bw; 










pf r 1 — 1 C)^c\ ' 
L> l L _L J. Uu LJ. f 










cp 


J 11U.1LL U . 












ma t*=ti ma?~=?"a'nVfi ma ?~ — 1 naH np — Hri1 mH?~ — r~am 

1 L LCI J- kJ ILLCtJ- J_CtllJS.tA ILLClJ- J_LJCt LJ. kJ L- LJ. f-A X 1 LLLJ. J- J- CllL L 


read; 


Ctrl 


=nop; 






// B <= MDR; 












fetch-fl b-a a-load mdr-a mdr-rank8u mdr 


=bw; 
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nfrl =1 nari : 

\w* I— - -1— -L_ —1— V-/ CL \A ^ 










Cp ! 


3 mi 3 i 












// MAR <= T MDR <= 


RAM (9 r* 7 nr>]c<z ) • 










m a t — "i m ^ r~rariV« m a t — 

ILLd-L _L ILLCl-L J_ClllJvO ILLCL-L 


1 o a (H Tn t* — y~ a m re. a H 1 ("""hyl = 

lUuU ILLdJ- J_ CllLL J_ t; CL LJ- f ^ 1 [ L 


1 1 \J \~> f 








// A <= MDR • 












"Fp1"phi — "F1 a = a a — 1 n a H 

_J_ ^ - C ^ * 11 _1_ _L CL CL CL _!_ VJ CL v_A 


mH t=pi mr] t= T~a n lc Rn mri 7"=lr^w * 

ILL \J. J_ CL ILL J— J_ CL 1 1 J V W CL ILL _J_ V V / 










rtrl -1 nfld: 

\w* I— -1— -L_ -1— V-/ CL ^ 












? mi ■ 

j 1LL-L kj . 












/ / MA R <r = T MD R <r = 


RAM (9 r>lnr>lr<:) • 










in a t — "i m a T— r3 TiV R m a t — 

iLLCLJ- -L ILLCt-L J_ClllJvO ILLCL-L 


1 o a (H Tn t* — y~ a m re. 3 H 1 (^T"t~1 = 
lUuU ILLLaJ- J- CllLL J_ t. CL LA f 1 L L 


1 1 \J \J f 








// B <= MDR • 












f pf ph - -F 1 "K— a-1 A2fj 

J_ \Z, L Ull J- -L. *~J CL CL -J- W CL *^A 


rnH T~= a mr] t~= t a n lc R n mrST— hw 

1 L L \^X. J_ CL ILL K^X. J_ J_ CL 1 1 JV U U ILL J_ Vv f 










rtrl -1 nfld: 

\w* L- -1— -L_ —1— V-/ CL ^ 










cp < 














// MAR <= ,1 MDR <= 


RAM (9 r* 7 <or»Zr <? ) • 










m a t^= n mar- y a Ti V R m a r~ — 
ILLCl-L 1 1L LCI J- J_C111JS.CJ ILLCLJ- 


1 AaH mr]r— T~ 3 m T"P>^H" r~'T'T~l = 
±Uu \JL 1 L LLi J_ J-CllLL ICQ H. ^ U 1 I L — 


iiup, 








// A <= MDR • 












1 r p>'hf"'r~i = f : 1 ^ =3 3_z] fiarj 

J_ \3 L Ull J- -L. CL d CL -J- W CL *^A 


mH t = ^ ttiHt — r^n V fill mHr- hw 

1 L L J- CL ILL V^A J_ J_ CL 1 1 JV U U ILL kA J_ i^ 1 vv ^ 










pf-rl =1 naH ■ 

I L. _l_ _l_ W CL V-L ^ 










cp < 


3 mi to i 












// MAR <= ,7 MDR <= 


lull J f __. / f 










in a t~ — — i Tin a r'-r'TS rilr m a y — 

ILLdJ- J ILLCLJ- -LClIIJvO ILLCL-L 


1 naH mH? — ram T~c_iaH* p-H r 1 _; 

-LLJClLa 1LLLaJ_ J_ CllLL J_ CI Li f 1 I L — 


Ti nri • 

iiuy f 








// B <= MDR ■ 












f" F 1 1" p Vi = "F 1 h~)= a a = 1 r~)3ri 

J_ \3 U Ull J- -L i^J CL CL _1_ w CL VA 


rr\r\y~ — a mrj T— T^TlVRll TTlH T-hw " 

1 L L vA J_ CL ILL >^A J- J- CI 1 1 JV U U ILL V_A J_ XJ Vv f 




















cp i 


3 3- mi * 












// MDR <= A 












1LLL-LJ_ CL lLLkJ.J_ -L^CLLJ. CL kjw f 












/ / MAR <= I RAM <= 

f / X Jnl X ^ _L. j lull J ~ • 


MDR (3 clocks) 










mn t — i TYi^r~ — ranVP ma r- 

1 L ICL J_ _L 11 LCI J- J- CL 1 1 Jv l_J 1 L L CL J_ 


1 n^H Tn a T=T a m wri t"p* pf r 1 

_L ^ CL ^A L L LCI J- J- Cll L L W J_ _L 1 v3 ^ « ■ I L _L 


~nop ^ 


Ctrl 


—nop } 




"Ft^l-r^l^ — "F1 ■ pf r 1 =1 naH • 

J_tiLL-ll J — L f L. 1 — l — L — lUuU/ 










Cp < 


3 3. m j I 












// MDR <= A 












1LLLJ-J- CL lLLkJ.J_ -L^CLLJ. CL l~J W f 












/ / MAR <= J RAM <= 


MDR (3 clocks) 










ma r=i TTl^ T— Tfl D lc R 1713 T — 

ILL CL J_ 1 1 L LCL J_ J_ CL 1 1 J\ \J ILL CL J_ 


InaH ma r-z-rarn lAiri fp • ft" r 1 

_1_ ^/ CL ^A ILL CL J— J_ CL ILL VV J_ _J_ C ^ - / C J— — L . 


—nop ^ 


Ctrl 


—nop / 




"Ft^l-r^l^ — "F1 ■ r , '\~ t~1 =1 r^a/H * 
J_tiL.L-ll J — 1 — lUuU/ 










Cp < 


3 b mi I 












// MDR <= B 












mH? — a mHr~— 1 naH V-\ — V^taT * 

1LLLJ.J- CL 1LLLJ.__ J- d-\A. i-J kjw f 












// MAR <= T RAM <= 












mar^i mar^rank8 mar= 


load mar=ram_write ; Ctrl 


=nop; 


Ctrl 


^nop; 




f etch=f 1 ; ctrl^load; 
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O JJ IiL J . 
















// MDR <= 


A 














mHr — a mHr — 
1LLvJ.-L CL 1LLLJ.J- 


- 1 piaH V\ — V^TaT * 
J_vJcLvJ. U kjw f 














// MAR <= 


J RAM <= MDR (3 clocks) 














ma.r==n t*n a r ~ 

1LLCL-L J ILLCLJ- 


~ r P. n V R ma r— 1 n^H ma r—r am W r 1 1" P * 

J_ Cl 1 1 JV W 1 L LCI J_ _l_ Cl La 1 L LCI J_ J_ Cll L L W J_ _l_ 1 V3 f 


pf r* 1 — n PT) * 

L> 1 L _L 11 W J--* f 


ct rl = 


■n pp • 










pf r 1 = 1 riarj • 

1 L _l_ lUu La f 














p p Q "nil m in "1 • 
O 11U.1LL ILL_L ■ 
















// WAR <= 


PC++, MDR <= RAM (2 clocks) ; 














ILLCLJ- J-J ILLCt-L 


t a n V mar=l paH n f~* = H n 0 mH r — yam 

J_ Cl 1 1 JS. O iLLCLJ- -LUClkJ. kJO \Jl\J ILLLJ.J_ — J_ dill 


T~oaH* pf r 1 

i- CXVJ- f till 












// MAR <= 


I RAM <- MDR (2 clocks) 

^ lull J ^ | Atf L^X w JV w J 














ma r — i rria r- 

1LICLJ- _L 1 L I Cl _I_ 


"T^TiVft ma r^l a^H may-— Tarn wr"if'0• 

J_ Cl 1 1 Jv l_J 1 L ICL -L- -L \~J Cl i L LCI J_ J_ Cll L L W J_ _L 1 # 


pf rl =nPT) * 

L^ 1 L _L 11 \J ^-J f 












f pf ph=f 1 • 


pf rl =1 par]* 














p p Q "nii rin in — i • 

O 11U.1LL iLLJ ■ 
















// WAR <= 


PC++ MDR <— RAM (2 clocks) • 














ILLCL-L J-J ILLCt-L 


■ranVfi mai^=:l r^aH np = Hri mH r — yam 

J_ClllJVO ILLCl-L -Lk^ClkJ. \~> O kj- Z. ILLLJ.-L — J_ CllLI 


"r~oaH* pf r 1 

i- CXVJ- f till 












// MAR <= 


J RAM <— MDR (2 clocks) 

i—S p lull J 1 Jl/A\ | Atf L^X W JV^ y 














ma r — -i rri 3 -r- 

1LICLJ- J 1 L I Cl _I_ 


"T^TlVft rna r=l H?lH ma r— ram wr l f P • 

J_ Cl 1 1 JV K) 1 L Id J_ _L > 1 Cl L-l 1 L LCI J_ J_ Cll L L W J_ _L 1 f 


pf rl =nrm ■ 

L^ 1 L _L 11 f 












f etch=f 1 ; 


pf rl =1 nad : 

^ — ' - -l— — 1— _|_ v^y LA v.A ^ 














p t~i P» m "i m — i • 
O j-J O ILL_L ILL J . 
















// MAR <= 


J, MDR <- RAM (2 clocks) ; 














m a r = 1 ma r = 
ILLClJ- _L ILLClJ- 


-"r^TiVfi ma r=1 paH mrjr— ram rpaH • 

J_ClllJS.O ILLCL-L lUu LJ. 1 L LLA J_ J_ Cll L L J_ Cl KJ. f 


pf r 1 ^=v\ pp * 

L^l 1 L 1 LKs f 












// MAiR <= 


J RAM <— MDR (2 clocks) 














ma r — -i rri 3 -r- 

1LICLJ- J J 1. 1 Cl _I_ 


"T^TiVR ma r=1 n^H mar=ram wri tp ' 

J_ Cl 1 1 Jv \S 1 L ICL J_ _L > ' Cl L-l 1 L LCI -L_ -L_ Cll L L W J_ _L 1 f 


pf rl =nnn ■ 

L^ 1 L _L 11 \J f 












f et ch=f 1 • 

-1- L ^-11 -1- -L f 


pf rl =1 Orifi ' 














P"*ri Q m — i m n • 
OpO ILL J ILL _L . 
















// MAR <= 


J, MDR <- RAM (2 clocks) ; 














m a ~v ~~ i m a t — 

ILLCL-L J ILLcl-L 


■ranV P m a t 1 AaH m r\ > ~y~ a m roaH ■ 

J_CiIlJS.O ILLcl-L — _LL>Ci.m. ILLCl-L J- ClILL J_ t: ciU. ^ 


p f r "1 — r~i pp • 
U L I -L — I1L){J / 












// MAR <= 


X RAM <= MDR (2 clacks) 














ma -r— -j 1T1P. r= 

1LICLJ- _L 1 1 I Cl _I_ 


"T^TlVR ma r=l n^H mar=r^TTl wri tp • 

J_ Cl 1 1 Jv U 1 L ICL -L_ -L \~J Cl '■Si 1 L LCI -L_ -L_ Cll L L W J_ _L 1 # 


pf rl =npp* 

L^ 1 L _L 11 f 












f ^f ph^f 1 • 

J_ L- 1 1 J — L. f 


1 L _L — -L KJ CLvJ. f 














p inch 1 • 
\J U. o 1 1 _L ■ 
















// MDR <= 


J 














mrj r= a mp'r = 

1LILJ-J- Cl 1 L LLa J_ 


:1 pari -j = a -j — fiT A T • 

_1_ W CL vU. _L CL _L JvJ W ^ 














// MAR <= 


5P=—2 RAM <= MDR (3 clocks) 

KS XT ^ 1VTU J A ll /XX | w< L^X L/Lr A,i3 y 














1LLCL-I- O 1 [ I Cl J_ 


"T^riV1(~i Tri3T"=lp; : iH ma r=r^m wr i f pi 

J_ Cl 1 1 Jv _L vJ ILL Cl -L_ -L W Cl vJ. ILL Cl -1- J_ d ILL Vv J_ _L 1 <3 


q p = pm 0 qri = 

Ok- 1 L-ilLL^. Ok-' 


PI TP" 


Ctrl 


— n on * 


Ctrl 


—nop } 


f ^f ph^f 1 • 


pf rl — 1 pa H • 














Til 1 Q Vl ~1 ■ 
JJUol 1 J ■ 
















// MDR <= 


J 














mr) r= a mH-p — 

1LILJ-J- Cl 1 L LLa J_ 


:1 pari "i— a i -hw • 














// MAR <= 


SP=—2 RAM <= MDR (3 clocks) 














ILLCL-L O J.LLCL J- 


:ra nk 1 fc> ma r-1 naH ma t~ = ?~ a m inT? — ifo 

J_CtllJS._L(J ILLCl-L lUu vJ- ILLClJ- J_CL1LL WJ__LUC 


o p = pm 0 Q P = 


PI TP" 


pf r 1 

1 L 


— n pp * 
nop , 


p f r 1 

l 1 L 


— n pp * 


fetch=fl; 


ctrl=load; 














push_a : 
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// MDR <= 


A 
















mH p — a itiHt~= 

ILL^L-L- CL ILLiwi-L. 


:1 naH a — a a — hw * 

1UQ ^J. CL CL Cl i~J W ^ 
















// MA P <— 

/ / Vlc±£\ ^ — 


cp-_9 RAM MDR / ? /-» 7 nr*tc ) 
















1LLCL-L O ILLCL-L- 


~ p a m V 1 ("i ma r=l nsH ma p = p a m lj ? — ifi^ 

J_ CL 1 1 JN- _L U ILLCL-L 1UQ \Jl 1 L LCL J- J_ CLL L L Wl 1 UC 


on- pirn 0 

IT T. 


Q pi 
Of 


— pfl 1 Pi ■ 


1^1 1 L 


= ti nn * 


rf r 1 

1 1 L 


= n nn * 
1 1 L^f ^ 


1 C L Ull J — L. f 


pf r 1 — 1 H ' 
















pubi 1 JJ . 


















// MDR <= 


B 
















mHp — a rnHr- 


"1 Dfld Y)—r\ f)=f ) T A 7 * 

_1_ W Cl Cl A_/ -K_/ vv / 
















/ / MA R <= 


cp = _9 RAM <r= MHR / ? p7npt<:) 
















rnsr-Q ma r- 

1 L L CI _l_ O 1 L I CI _1_ 


J_ Cl 1 1 J\_ J_ ILL Cl -1— -L_ v> Cl ^ — I ILL Cl -1— -L_ Cl ILL v V _L_ _L_ C- v!^ 


qpj — prm 9 

O [—J v^l ILL £—k 


sp 


-rriin • 
H u r f 


Ct T 1 


—nop / 


Ct IT X 


—nop ^ 


■F&f- r-h — -F1 • 

J_ fc: L_ Oil J- -L ^ 


















ni i c; ft In "Pi * 

f U.OL1 .kjf • 


















// MDR <= 


BP 
















mp] t— a rnH-p — 


-1 pi^iH h'n— ^ hn=hw • 

±UQU. Up CL JJM W ^ 
















// MAR <= 


5P=—2 RAM <= MDR (3 clocks) 
















rnar- o ma "P = 

ILLCL-L- O 1 L I Cl _L 


-T^nVlf"! ma r = 1 dpi H ma t~ = t a m lATT'ifi^ 

J_ Cl 1 1 Jv 1 U ILL Cl J_ _L W Cl vJ- ILL Cl -L- -L. Cl ILL Vv J_ _L 1 ^3 


qp) — prm 9 

Ok- 1 v- 1 1 L 


sp 


— pri in ' 


C t JT 1 




C t IT 1 


—nop } 


fpf n U—-f~\ . 
J_ fc: L. Oil J- -L ^ 


















_f Ll oil of . 


















// MDR <= 


SP 
















mHr-3 mHp = 


-1 pi a H q -pi ~ a o-p)— fjT.T« 

1UC1U O ^-J CL iJvVf 
















// MAR <= 


SP=-2 RAM <= MDR (3 clocks) 
















m a P — Q TT1 a P = 
1LLCL-L O ILLCL-L- 


-r^ri V 1 (-i mar=l oaH ma r~ = ?~ a m w r i f p 

J_CLllJS._LtJ 1LLCLJ- ±Uu \Jl ILLCL-L J_CL1LL Wl 1 


on = prm 9 


c; Pi 

Of 


= pfi lp) • 


^ 1 1 L 


-nnn • 
IlUf / 


p f p 1 

l 1 L 


— n nn * 
i iup ^ 


fpf ph = f 1 • 

J_ L. 1 1 J — L f 


pf- -pi — 1 A 2 p) • 
















f U. Oil C . 


















// MD.R <= 


c 
















mp] t— a rnH-p — 

ILL^L-L- Cl ILLlwLJ- 


:1 paH p — 3 p— hw 
















// MAR <— 


QD--9 RAM MHR / ? r> 1 r>r> lr <? ) 
















LLLCL -L O 1LLCL J_ 


■ t~ a pi lr 1 m a p — 1 pi a pI m a t~ =^ y~ a m Tat t — i I - p 

J_CL11JVJ_VJ LLLd-L — -L vj OlvJ- ILLCL-L -L CL1LL W I 1 LC 


o pi — prm 9 


Q pi 

of 


= pfi in ■ 
quf f 


At" T 1 


— n nn • 


pf r 1 


— pi nn * 


fpf r , h = f 1 • 

J_ L. O 1 1 J — L. ^ 


pf t 1 — 1 pi a pl • 
















n 1 1 c; fi f 1 • 
f Ll o 1 1 J_ _L ■ 


















// MDR <= 


FL 
















mH t — 3 mHp — 


-IpiaH fl=a fl — fiw • 
















// MAR <= 


cp— —9 RAM <= MDR (3 clocks) 
















1T13 r — q m a T~ = 

ILLCL-L- O ILLCL-L 


=T3nlf 1 f! ma r=l napl ma t~ = p a m wr i f P 1 

J_ Cl 1 1 Jv _L vJ ILL Cl -L. -L W Cl vJ- 1 L L Cl J- -L. Cl ILL Vv J_ _L 1 <3 


qr) = pfrn 9 

Ok- 1 v-1 1 L L^. 


sp 


= pfi in ' 


Ctrl 


— n nn * 

llUf / 


C t IT 1 


—nop ^ 


fpf r , h = f 1 • 


pf r 1 =1 nap] • 
















nn ch pi i "i m • 
JJUol 1 1 1 U. ILL . 


















// WAR <= 


PC++, MDR <= RAM (3 clocks) ; 
















1LLCL-L f ILLCL-L. 


=rankl6 mar=load pc=dp2 mdr=ram_read; 


ct rl=nop 


; ctrl=nop 


f 




// MAR <= 


SP=-2, RAM <= MDR (3 clocks) 
















ILLct X. — o ILLct J- 


=rankl6 mar=load mar=ram_write 


sp=qm2 


sp 


=qup; 


Ctrl 


=nop; 


Ct IT 1 


—nop / 


fpf r , h = f 1 • 


ctrl=load; 
















push_mi : 


















// MAR <= 


I, MDR <= RAM (3 clocks); 
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mar=i mar=rankl6 mar=load mdr=ram_read; ctrl=nop; ctrl= 


nop } 






// MAR <= SP=-2, RAM <= MDR (3 clocks) 










mar=s mar=rankl6 mar=load mar=ram_write sp=qm2 


op k^ LlJ-J f 


p-p p "1 =pi Pip) • pf r 1 


—nop } 




fetch=fl; ctrl=load; 








push_mj : 










// MAR <= J, MDR <= RAM (3 clocks) ; 










mar=j mar=rankl6 mar=load mdr=ram_read; ctrl=nop; ctrl= 


nop } 






// MAR <= SP=-2, RAM <= MDR (3 clocks) 










r~ Q TYlPP-^PPPlVlf"! Tn3 T= 1 OP H TUP T= TPTTl TaT T* ~l P <Q Q Pi = PYPn ^ 
1LLCI-L O 1 L LCL JL J_ CL 1 J. JV _L (J 1LLC1-L — -L {J CL KJ. 1L LCL J_ J_ CL 1 L L W J_ _L L. C O kJ 1 L L__ 


o "pi = pYl 1 "Pi * 
op <^ yJ-^J f 


ctrl=nop; Ctrl 


=nop; 




f 7 ot" ph — "F1 ■ p'ppI-^IpippI" 








pop_ 


// MAR <= QP=+P MDR <= RAM / ? r> 7 r>r*1c<z ) - 










rn 3 -r— q rnp r^ranVI £ rn=ir-=l npH TT1 H T = T TT1 rPPfi ^D-lin? " 

ILL CL _L_ O ILL OL — - _L_ CL 1 1 JV -J _ ILL CL _L_ _L_ v> CL VA. 1 L LV^L _1_ _L_ OL ILL _L_ OA. V_A- O v_A h—^ — _■ / 


rl =n ntt 


* pr r 1 — npn • 
/ \^ L. J- J_ ilUJJ / 






// I <= MDR; 










f pf ph — "F 1 i =1 oaH mp] p = rnriP^PPPiVI mp] P— hw* 

J_ V3 L- Ull J- -L -J- CI -J- -L kJ CL kA 1 LLvJ. J_ CL 1L Ll^A. J_ _l_ CL 1 1 JV _L \J 1 L L^A J_ i~J W ^ 










pf v-1 =1 p\ a H * 
k-- L- -L _L A- \J cxyJ- f 








pop_ 


-j : 

// MAT? <= QP=4-P MDR <r= RAM r» 7 r>r*V<z ) • 










ma r = c; mp r=rpnV1 f-i ttipp-=1 oaH niHr — tptti rPsH c;pi — Hn? • 

1LLCL-L O 1 L LCL JL J_ CL 1 J. JV _L kJ ILLCIJ- — _L kj CL kJ- 1L WJi. J_ J_ CLl L L ICQ kJ. O k-> kJ. k-> __ f 


Ol - T~ 1 =Tl Pi "Pi 
k^ 1 1 L 1 1\JVJ 


/ k-- L, J- J_ 11U|J / 






// J <= MDR; 










"F f^t" r , Vi = "F 1 "i^p = l naH mp] p=;s mrir — pp pi 1<" 1 ("i tup] p~hw * 

J_ \3 L, Ull J- -L J CL J -L kJ CL t^A 1 L LV-L J_ CL 1L Ll^A J_ J_ CL 1 1 JV -L \J 1 L [\JL J_ J^J W ^ 










P*"! - P 1 — 1 Pi p H * 
k> L. -L X -LKJdKJ- f 








pop_ 


_CL . 

// MAR <— MHR <*— RAM / ? r» 7 t <? J * 










ma "r= q TnpT^rpnVI (-i "mp7"=lopH m H t~— t~ p m r d s H o-n-Hn? ■ 

ILLCL-L O ILLCL-L J_Cl11JVJ_vJ ILlCl-L — J-\J CX\J. 1LLLJ.J_ — J_ CllLL -L CL VJ- Ok- 1 kAJw* Z, ^ 


pf r 1 — pi nn 

Ul — L J_ — IILJ^-J 


• pr r 1 _rn npi ■ 
/ k-- L, J- J_ 11\J\~> f 






// A <= MDR; 










f pt" ph — "F "1 p=p a = l naH mHr- p rmHr— rpnV 1 rnH r~— V^iftT * 

J_ C L, Ull — -L X CL — CL CL ±Uu vj. 1 W\Jl. j_ CL 1L LkJ. J- J_CLlJ.JN._LU 11 l\JL JL kj W ^ 










pf yl -=1 • 








pop_ 


_u . 

// MAR <"= 9P=+P MDR RAM p7npt<:) * 










mp r=c; tyi a -p zz_ r- a -n V 1 ^ mar=l AflH tti H r~ = -r ^ rn r-f_^H Qn-fir)? " 

ILL CL J_ O 1 L LCL J_ J_ CL 1 1 J\_ _L_ \J ILL CL J— -1— V-/ CL v_-L 1 L LV_A J_ J_ CL ILL J_ CL O k-/ V^A |v> __. / 


pf- p "1 _=Pi p)p) 

1 L. _1_ HUM 


* pf rl =nnn ■ 

/ LLI 1 ilUJJ / 






// B <= MDR; 










f pi - nh — "F 1 l^i^p h— 1 hp H mHr-Pi mHr — rpnV1 inH r~ — r^w * 

1CLU11 -LX J^J CL kj _L vJ CL \JL LllKJ. J_ CL 1L LkJ. J- J_CL11JS.XU 11 l\JL J_ J^J W f 










pf r 1 — 1 PflH • 
L>l 1 L -L CL\J- f 








P°P- 


.bp : 

// WAR <= SP=+2, MDR <= RAM (3 clocks); 










mar=s mar=rankl6 mar=load mdr=ram_read sp=dp2 ; 


ct rl=nop 


* pr rl =nnn • 

/ k--l L_L llk^J--'/ 






// BP <= MDR; 










fetch=fl bp=a bp=load mdr=a mdr=rankl6 mdr=bw; 










ctrl=load; 








pop_ 


_sp : 

// WAR <= SP=+2, MDR <= RAM (3 clocks); 










mar=s mar=rankl6 mar=load mdr=ram_read sp=dp2 ; 


ctrl^nop 


; ctrl=nop; 
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// SP <= MDR ■ 








f ph = "F 1 c;n=a q r-)= 1 naH m.Hr=a mH t= t a n k 1 mH'r= hw 

J_ ^ - ^ ' 11 J_ _l_ O CA O YS -1— v> 0. vl ILL _!_ CA 1 L L VA _L_ _!_ CA 1 1 J\. _L \J 1 L L ^L _L_ ij Vv / 








("■"h rl =1 na H • 

k-. I I — L lUuU.^ 








j-JkJkJ k-. ■ 








// MAT? <= QP=4-P MDR <T= RAM (1 r»7npt<i) • 








m a r = q ma r=r a nV 1 (-i ma r = 1 o a H mHr — ram r o a H qn-Hn? ■ 

ILLd-L — O ILLO. X — J_a.llJS.XvJ ILLClJ- — X kJ CLkl ILLkJ-X J_ CtlLL J_ CLkl OjJ kA kJ ^ 


pt" r 1 =n piTi • 

Ul — LX llkJkJ^ 


pF rl - 

L.LJ — L — 


n piT~i • 
1 1 kJ kJ f 


// C <= MDR ' 








"Fp1"p'h = "F1 P = 3. p-zl naH mH r = a mHr^ranVI f) TTlfj r— "hy • 

_L_ ^ - ^ * 11 J_ _L 0. _l_ CA VA ILL \_-_ J_ CA ILL vA J— A_ CA 1 1 A. _l_ \J ILL VA A_ .KA VV / 








nf rl ="\ f^ar] • 

O I L _l_ 1UQ k-L / 








n piti f" 1 • 

pup J L . 








// M2P CP— 4- 9 Mnp dt\m / 7 /iTn^tc) • 

/ / I'lLfUx ^ — §jlr — i r FILJCK — x\_r_L_"_l ( (_ _L (J 1 t_- A, *_> / ^ 








m a r = q ma r = r a n V 1 (^i mar=lpiaH itiHt"— ram r o a H on — Hp? * 

ILLClJ- — O ILLO. X J_a.JJJS.XvJ JLLaX — lUaU HLkJ.X X aiLL X CLkl O kJ kA kJ __, ^ 


pt" r 1 =n piTi • 

Ul — LX llkJkJ^ 


Pf r 1 — 
L.LJ — L — 


1 1 kJ kJ ^ 


// FIi <= MDR • 








"Fp>F pFi = "F 1 f 7 1 — "F 1 — 1 nflfi mHr- a mH r = T^ntc1f~i mH t = r>w • 

J_ V3 L ^11 J--L J--L O. J- -L -L VA a vA 1L LVA J_ a 1 L L VA _l_ J_ CA 1 1 JV _L KJ 1L LVA A. i^J W ^ 








nf r 1 =1 oaH " 
i l x x w a vj. ^ 








■pi iO'Pi m "i • 

kJ kJ kJ 1 L L X ■ 








// WAR <= SP-+2 , MDR <= RAM (3 clocks) ; 








m a y~ — q TTi a t™ — r~ a t~i lr 1 in a y~ — 1 n a H in Hy—ra m t* o a (H q n — r~i V • 

1LLO.X — O 1LLO.X — XO.llJS.XvJ JLLaX — lUaU JLLULX X aiLL X O. Vj. O kJ vj. kj Z, f 


pt" r 1 =n piTi • 

Ul — LX llkjp/ 


Pf r 1 — 
L.LJ — L — 


1 1 kJ kJ f 


// MAR <= T RAM <= MDR {3 clacks) 

/ / 1 jni\ ^ i ^ lull i ^ l J ^> J. V_/ 1_> iv 0 y 








mar=i ma r— ra n V 1 (^i ma r=l r~iaH ma t~ = r~ a m iA7T~"i Fta* pi - r 1 = 

ill a J- -L ill a. J- J- a. 1 1 jv J- vj ill a J- _l w a vJ- ill a J- J- a ill vv j_ _i_ i *3 / v^ i l _l 


n P"P) " pf r 1 - 

1 i kjp / U 1 L X 


nop } 




"FpFp"h = "F1 " P t" 1""] =^ ORfi * 

J_ L J_ _L ^ ^ L- J- -L. -L W C4- LA f 








Y~\C\r~\ m "1 " 
pkjp * 








// WAR <= SP=+2, MDR <= RAM (3 clocks) ; 








mar~=C! TnaT"=ranV1 ^ mar~=loaH mHr*— ram roaH en — H~n9 * 

ILLaX O 1LLO.X XO.llJS.XvJ JLLaX XkJa.vJ. JLLkJ.X X aiLL X t; CLkX O kJ kAk-J Z, f 


pi - r "1 =ti p\n • 

Ul — L X 1 1 kJ kJ f 


pF r 1 — 
v_- l_ x x — 


1 1 kJ kj f 


// MAR <= .7 RAM <= MDR ( ? clnclcs) 








m a r = ~ i ma r— ranV 1 (-i ma r=l naH tti a r — ram in!? — i r p • cY y~~\ — 
i Lia x j iLLa.x xa.11js.xvj iLtax xkja kJ. iLLax xaiii wxxuc^ v^l.j l — 


nnn • pf r 1 - 

1 1 kJ J-J f 1 — 1 — L 


1 1 kjp / 




"Forp'h — "F1 • 0"r"rl — 1 a a H • 
IcLLIl 11/ k-,L.XX — XCJcLkJ./ 








y\ n o Vl fi "1 • 
kJ U oIlO X . 








// MDR <= I 








mH r — a mHr— 1 dp\r\ ~i —a H — V^w * 

1LL"^AJ_ O. 1 L LLA J_ -1- CA _l_ VV / 








// MAR <= SP RAM <= MDR 12 clocks) 

/ / i xnx \ f lull u i i i /i\ j &i ^>^w/wv0 y 








mar— q mar — ran V P mar=loaH mar— ram TA7r~i"hp^> o r^ — prm 1 
iLLax o iLtax xaiijs.(j iLiax xkja kJ. iLtax xaiLL wi i o kJ kj i l l x 


sp=qup; ctrl=nop 




IcLOIl 11 / till — -LUcLVl f 








pn qVi P ~i * 

kJlXollO J ■ 








// MDR <= J 








mHr — a mHr — 1 oaH ~i — a ~i — V^tat ■ 

ILLkAX O. lLLkJ.X XkJO-kJ. I a I JvJ w ^ 








// MAR <= — SP RAM <= MDR (2 clocks) 








mar=Q ma r = ranV 8 mar=loaH mar— ram w r i r p q "pi — prm 1 
iLLax o iLtax xaiijs.(j iLiax xkja kJ. iLtax xaiLL w i ± lc o kJ kj i l l x 


sp=qup; ctrl=nop 


r 


f pr ph — f 1 ■ pf r 1 — 1 pari • 
lc LUll J — L f L/ 1 I — L — lUaU/ 








y—> 1 1 c h fi a • 
kJ U. oilO a . 








// MDR <= A 








mdr=a mdr=load a=a a=bw; 








// MAR <= — SP, RAM <= MDR (2 clocks) 
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1LLCL J- O ILLCl J- 


T^^TlVR m3 r=1 Pi3 H Tn a T~ = T~ ^ rtl Ta7 ? — 1 "h £^ 
J_ CL 1 1 JN. O ILLCt-L _L kJ CL kJ. 1 L LCL J_ J_ CL1 L L W 1 ± L C 


o r~i — rrm 1 
ir 4~ 


O J—* 




^ 1 1 L 




■f pit- ph- -F1 • 

J_ L Oil — J_ ± f 


i-"" 1 "H y~ 1 — ~| /~\ -a /— J • 

LLI _L — lUaU/ 


























// MDR <= 














rnH-r — 3 rnH-p^ 

lLLkJ--L_ d lLLk-lJ_ 


_i_ a kj. xj a. ±-j kj w ^ 












/ / MA R <= 


CD RAM <= MDR (9 rlnptc) 












ILLCL-L- O 1 L I Cl J_ 


ranVP lTl^T=ln^H TTl^T— wri t P 

J_ Cl 1 1 Jv l_) 1 L ICL -L -L CI \^X. 1 L LCI J_ J_ Cll L L W J_ _L 1 \3 


or~) — rrrri 1 

Ok-" k-j 1 L L _L 


sp 


4 U J J r 


Ctrl 




f P t ph- f 1 • 

J_ L 1 1 J — L. f 


p t r 1 = 1 n 3 H * 
LLii lUaU/ 












j~J U. O 1 1 O kj \-J . 














// MDR <= 


BP 












mHr-3 mHr~ — 

lLLkJ.J_ CL 1LLLJ.J_ 


1 Pi3 H V~l"Pl — ^ t^"Pl— T^ITa7 " 












// MAR <= 


SP RAM <= MDR (2 clacks) 

KJ£ f lull J ^ 1 JL/1\ ^ &i ^> J. L> JV 0 / 












ILICL-L O ILLCl -1- 


ranVP TTl^T=ln^H TTl^T— Wfi tp 

J_ Cl 1 1 Jv l_) 1 L ICL -L- -L \~J Cl i L LCI -L_ -L_ Cll L L W J_ _L 1 \3 


o-pi— rfin 1 

Ok-" k-j 1 L L _L 


sp 


M U P ^ 


Ctrl 


—nop ; 


fpt r-h — -F1 • 

J_ fc: L_ Oil J- -L ^ 














j~J U. O 1 1 O o J~-* . 














// MDR <= 


SP 












rnH t— a rnH-p — 

lLLkJ--L_ CI 1 L IK_A. J_ 


iuu vj. o a o w f 












// MAR <= 


SP RAM <= MDR (2 clocks) 












1LLCL-L O ILLCL-L 


J_CLllJS.O ILLCL-L -L^CL LJ. 1LLCLJ_ -LCL1LL vv 1 ± L C 


or)— rrm 1 


op 




rr r 1 

1 1 L 




fpt r , h = f 1 • 


UL11 -L\J&\J.f 












y—> i i C h P ■ 

p U. oIlO c . 














// MDR <= 


c 












rnH t— a rnH-p — 

lLLkJ--L_ CI 1 L LLA J_ 


lUu vJ- O CL O J^J W ^ 












// Mil P <— 


Cfp "RAM <— MDR (9 r> 7 rsr*V e? ) 












1T13 r — q rri a T~ = 

ILLCL J_ O ILLCL-L 


ranlf 8 ma r=1 na p| rna -r— ram TaZTiI - ^ 

J_ Cl 1 1 Jv kj 1 L LCL J_ ± U Cl k-L 1 L LCI -L_ -L_ Cll L L W J_ _L 1 v3 


o T) — rrrn 1 

Ok-" ^-j 1 L L _L 


op 




Ctrl 


—nop ; 


-F^-h ph- -F1 • 
J_ fci L_ Oil J- -L ^ 














kJU.oJ.10 11 • 














// MDR <= 


FL 












rnH t— a rriHr- — 

lLLkJ--L CI 1 L LLA J_ 


1 paH -F 1 — a -Fl — Kw " 

_1_ W CL v_L -L_ -L Cl -L_ -L W f 












// MAR <= 


SP RAM <= MDR (2 clacks) 












m 3 > o in 3 t — 

ILLctJ. — o ILLcl-L 


ra nV P m a v 1 a /H tyi a > v a m t.t y — i t" ^ 

J_ClllJS-0 ILLCL-L — J-UCLvJ. ILLcl-L — ! CliLL W llLc 




sp 


=qup ; 


LLIl 


—nop } 


f P t nh=f 1 • 


pt r- 1 =1 o^rS* 












rrn eh P nnm • 

pUoll O 1 1 U.1LL ■ 














// MAR <= 


PC++, MDR <= RAM (2 clocks); 












ILLCt-L k> ILLCtJ- 


=rank8 mar-load pc=cipl mdr=ram_read; 


ctrl-nop 


r 




/ / MA R <= 


— SP, RAM <= MDR (2 clocks) 












ILLCL -L O ILLCL J_ 


: rank8 mar-load mar-ram_write 


sp=qml 


sp 


=qup; 


pr r 1 


— nnn * 

— llvjp f 


f etch=f 1 ; 


ctrl-load; 












r> i i c h TT1 "1 " 
p U. O 1 1 O 1LL_L ■ 














// WAR <= 


I , MDR <= RAM (2 clocks); 












ILLCL-L -L ILLCL J_ 


: rank8 mar— load mdr-ram_read; 


ctrl=nop; 








// WAR <= 


— SP, RAM <= MDR (2 clocks) 












mar=s mar= 


: rank8 mar— load mar=ram_write 


sp=qml 


sp 


=qup; 


Ctrl 


=nop; 
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f etch=f 1 ; ctrl-load; 






push8_m j : 








// MAR <= J f MDR <= RAM (2 clocks); 








mar=j mar-rank8 mar-load mdr=ram_read; ctrl-nop; 






/ / MA J? <— CD Dfljlf MDR / 9 7 r>r>lcc ) 








IlldX — o IlldX — XdllKO uldl — lUdU I Lid X. — X dill WXXLfc: oU — CJXUX 


sp=qup; ctrl -nop; 




f pi - nh — f"1 ■ pf r 1 =1 C\^\ r\ • 

J L. ^ J L -L \J CL\J- f 






pop E 


_i: 

// MAT? <r= Cpxi MDR <r= RAM (9 r> 7 r»r»fe- <? ) • 








IlldX — o IlldX — XdllKO IlldX — lOdU IllClX — X dill IcdU oj_> — U.pX, 


CLil 


—nop ; 




/ / ± ^ — LYlLJlX f 








f of — "F 1 "i — 3 I — "1 p, a H tyi /H t 3 m H t y a ri lr Qii tyi iH t h. W • 

1c LUI1 — J L. X — ci X — lUdU ILLU.X — ci IlLLiX — X CLIIJS-O Li 1LLCJ.X — kj W r 








ft r 1 — 1 Apr] • 






pop E 


_j: 

// MAR <= 9P++ MDR <= RAM (2 /-lnt-la) • 








IlldX— o IlldX — XdllKO IlldX — lOdU IllClX— Xdlll IcdU oj_> — (jpi ^ 


/—I 4— -y~ "1 

CLil 


—nop ; 




// .T <:— MDR ' 








Xt^L-L-Il — J L J — ci J lUdU ILIU.X — cL ILLLiX — X cLIlJS-O U. 1LLHX — kj W r 








pt T 1 =1 paH • 






pop E 


_a: 

// MAR <= 5P++ MDR <= RAM (2 n 7 nrfr? ) • 








Illd X — S Kid x — Xdl IK O IlldX — XOdU. IUQx — Xdlll IGdQ bp — dp ± r 


ctri 


—nop ; 




/ / A ^ — VdLJ£\ f 








XtrLUIl— XX d — d d~ lUdU IlldX — d IUU.X — XdllJvOU IlldX — XJW t 








pf t 1 — 1 pa H • 






pop E 


_b: 

// MAR <= Cpxx MDR <= RAM plnrfc-c) • 








IlldX — o IlldX — XdllKO IlldX — XCJdU. IIIU.X — Xdlll IcdU ibp — U.pi ^ 


j»i 4— -ii" n 


—nop ; 












XtrL-OIl^ — J L LJ — & i~J — lUdU ILIU.X — cL IlLLAX — X clIIKO U 1LLCJ.X — U W f 








pt r 1 — 1 p~ip.H • 






pop E 


_bp : 

// MAR <= MDR <= RAM 12 rlorfc?) • 








m a > c* m ^ t i^a n V P m ^ t 1 pi a pi m H y ~v ^ m td a H c; t~i — r\ r~\ 1 * 

ILLcL X — o ILLcl X — XclIlJS.0 ILlciX — lUaLl 1LLLJ.X — X cilLL X t: ci LI o j-J — d]J X r 


of- V 1 

ciri 


—nop ; 




// QD ^ MT)D< 

/ / X3f V — LYILJiS. f 








■pot" — "F1 V^'n — ^3 V~it~i — 1 pa H m r\ t a m r\ > ranlr Q 1 1 m <H ~v V~iTa7 • 

Xt^L-LvIl — J L LJIJ — ci JJp lUdU 11LLAX — ci ILLU.X — X clIIKO U. ILLLiX — D W f 








-h 1 — 1 p~,^H • 






pop E 


_sp : 

// MAR <= SP++ f MDR <= RAM (2 clocks); 








mar=s mar=rank8 mar— load mdr=ram_read sp=dpl ; 


Ctrl 


-nop; 




// SP <= MDR; 








fetch=fl sp-a sp-load mdr-a mdr-rank8u mdr=bw; 








ctrl-load; 
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pop8_c : 

// MAR <= SP++, MDR <= RAM (2 clocks); 

mar=s mar=rank8 mar=load mdr=ram_read sp=dpl; ctrl=nop; 
// C <= MDR; 

fetch=fl c=a c=load mdr=a mdr=rank8u mdr=bw; 
ctrl=load; 
pop8_f 1 : 

// MAR <= SP++, MDR <= RAM (2 clocks) ; 

mar=s mar=rank8 mar=load mdr=ram_read sp=dpl; ctrl=nop; 
// FL <= MDR; 

fetch=fl fl=a fl=load mdr=a mdr=rank8u mdr=bw; 
ctrl=load; 
pop8_mi : 

// MAR <= SP++, MDR <= RAM (2 clocks) ; 

mar=s mar=rank8 mar=load mdr=ram_read sp=dpl; ctrl=nop; 
// WAR <= I, RAM <= MDR (2 clocks) 

mar=i mar=rank8 mar=load mar=ram_write; ctrl=nop; 
fetch=fl; ctrl=load; 
pop8_m j : 

// WAR <= SP++, MDR <= RAM (2 clocks); 

mar=s mar=rank8 mar=load mdr=ram_read sp=dpl; ctrl=nop; 
// WAR <= J, RAM <= MDR (2 clocks) 

mar=j mar=rank8 mar=load mar=ram_write; ctrl=nop; 
fetch=fl; ctrl=load; 
jump : 

// WAR <= PC+=2, MDR <= RAM (3 clocks); 

mar=p mar=rankl6 mar=load pc=dp2 mdr=ram_read; ctrl=nop; ctrl=nop; 
// PC <= MDR; 

pc=a pc=load mdr=a mdr=rankl6 mdr=bw; 
fetch=fl; ctrl=load; 
jump_nc : 

// check flag before reading the destination argument 

addr=jump jump=carry_f ; 

// discard destination address: ++PC and fetch 

pc=qp2 pc=qup fetch=fl; 
ctrl=load; 
j ump_c : 

// check flag before reading the destination argument 

addr=jump jump=carry_t ; 

// discard destination address: ++PC and fetch 

pc=qp2 pc=qup fetch=fl; 
ctrl=load; 
j ump_n z : 
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// ohoo Ir 7 a ft 7~jo 'F/^i v*o voa W i" n /t f hfl Wo cf i naf i nn a v"/Ti7fT70 
/ / LiicL>A j — Lay xJtrx ui tr x trauj.i i y l j j tr ucd i — met l j.uii ax l/ Liiittr j j l, 




flHriT— inmr) inrnn^yprn "F * 

CL k_L kA _L_ I CL ILL k> J CL ILL k-' Zj \ - _L_ k> _L_ / 




// rf j e/^a t~W Wo sff" 7 r)^i~ 7 on ^rfrl t-'o ^ * ++Pkf"* anW v"er ch 




np^nn? np=prnn "Fp1~ ph = "F1 ■ 

k/ v . kJ k_/ Z_i ^ . k-4 CL k-> J_ C I v . 11 J_ _L ^ 




ct rl=loa.d. ; 




~1 1 HTTP) 7 " 
J CL1 L L Z-i • 




// ohoo Ir 7^ 7 a /t 7"io t^io v*o i" n/r f hfl Wo cf t naf i nn a v*/TT7?T70 nt 
/ / LiicL>A J — Lay XJtrx ex tr x trauj.i i y l J J tr ucd I — LJia Liuii ax y uiittr J J l, 




Hclcir'— j urnp j ump— z p iro t ^ 




/ / discard desr. inar. ion address * ++Pll7 and fetch 




np-rrnQ nr=rrnn f 7 p t" p h = "F 1 ■ 

k/ v . kJ KJ iL-i ^ . k-4 CL k^ _l_ C 1 v . 11 J_ J_ j 




C+- y~\ =1 0 3 H • 

k_- I L_ _1_ _l_ W CI k»L ^ 




J Ull L L Kj 1111 * 




// ohoo Ir 7^7 a /t foo vo voa W t n /T hfi Wo t naf t a v*/TT7?T70 nf 
/ / LfiicLrA J — Lay xJtrx ex tr x trauj.i i y l j j tr ucd i — LJia Liuii czx y ujntr j j l. 




r^HfiT — inmr) "i nmn= nprrat i vp f~ : 

CL CLkA J— I CL ILL k^ 1 CL ILL 1 1 V . CA _L_ V _L_ / 




X X discard desti inati ion address * and fetch 




T) p =H"n 9 nf^nnn "Fp1 _ phi = f r 1 ■ 

k-/ v^l k^ £—k Y-J \^ v-^ kv _L_ V , 11 _L_ _L f 




pf- t 1 =1 n^i H • 

V_. 1 L_ _1_ _l_ W CI vJ. ^ 




~1 1 1 TT1T~1 n " 

J CL1 L L kv 11* 




// C/2cr C A. X X cly JL/cl Ul cr IcdUiJiL/ LJit? UtfiLI/idLIUiJ dXC/UIlicJiL 




^ firi t~ "i nnrn "innrn— npa^ t i vp 1" * 

CL V^i. J— I CI ILL kv 1 CL ILL k^ 1 1 V . Ci C _L_ V >^ C / 




/ / discard desti inati ion address * and fetich 




k> ^ V^J Z_i k-" 1 ■ CI k> J_ ^3 1 11 J_ _L f 




C+- y~\ =1 r\pi H • 

V_. 1 L_ _1_ _L_ W CI. kJ. ^ 








// /"•ho/^'Ir 7^7 ja/?r T^io ^ /~\ v*o t fi/?r f ho Wo cf" 7 n a 7^ 7 <o n a *-/^tt 7 mo n 
/ / t—ii tr (_ TV J — Lay x/trx ex tr x cauiii y c-iicr uco ( — LJia LiuiJ ax y ujjitr j j l. 




3 HH t"= "innrn "innrn— nvprf 1 nw "F • 

CL kvL kA -1— I Cl ILL kv 1 CL ILL kj' kv V V — - _L_ _L_ _L_ ky v V _L_ / 




/ / W 7' sea rd desv i nav 7" on address * ++P^ and r"erch 




rip— rfri9 nn^rmn f pf ph = f 1 * 

kJ k^ " \~ W L *- ICLCll J- -L f 




p-h T 1 = 1 Or5 ci : 

k^- k- -1— -L_ -1- ky CL CL ^ 




n 1 imn 0 ■ 




// /""TiooZr 1^7 a/T T^io 7^*0 t™o roa W 7 n /t f ho Wo CT^inaT^Ton a T"/?r7 7TT70 tit^ 
/ / uiJcruA x x ay x/c?x ex tr x cauiii y l j j tr uco ( — l j ja liuij ax y uiucii l. 




flH(ir=innir) "innrn— nvpTf 1 nw 1" * 

CL CL kA _L_ I CL ILL k> J CL ILL k-' kv V kT -1— -1— -L_ kv' v V C / 




// W 7" sea rd de sr inar i on addre ss ' ++P^ and £er ch 

/ / ux 0 1 — ' a j. u tier 0 c- x i ici c _l ujj a uux co o . » » xr v_» au u x cr l l>ji 




■pip— prr-)9 pi p=prn pi ■Fpt"pn = "F1 * 

k-* k-- k-j k-" \ . k-1 CL KJ J_ kJ 1 k-- 11 -L_ -L f 




pp y 1 =1 P^H • 

L _L 1UQ kA ^ 




O PT 1 13 1 * 
k-[ Li Ct _L . 




// C <= A (WT, nndared) 




J_trL,k-.Il — J L O — U k- — HJau -L-L — U -L-L — -LLJCLkJ. cI-Lcl — a. cl_LU. — J_cLIlJS.±u Ci — Cl 




pppl =1 p^p] • 




Pi P"h " 




// P <= ~A (WT, nndared) 




fetch=fl c=b c=load fl=b fl=load alu=not alu=rankl6 a= 


--a. a^bw; 


ctrl=load; 
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and i 
























-LfciLOIl — J_ J. C — JJ C — lUdU -L _L — JJ J_ _L — -LUdCl 


3. Ill— 


cLIlU. dlU — 1 dIlJs.1 D 


a— a 




d — JJW U — L) U — IJW r 


("""h t 1 =1 pi^H " 












nand * 












// C <= ~ (A KB) (WT. undated) 












IcLUIl J L — JJ — X <J d<J- J_ _L — JJ J_ _L — lUuU 


a. _Lu _ 


n a n pi ^jTii — i~a ri V 1 C~\ 


a = 


3. 


CL — JJW kj — kj U — JJW f 


p-h "1 = 1 n =3 H • 












O IT * 












// C <= A/S fFi undated) 












IcLLIl — -L _L C — JJ C — ICJdCl J_ _L — JJ J_ _L — -LOdCl 


a -Lu— 


U L dlU — J_ d 1 1 K _L O ci 


—a 


a 


— JJW JJ — JJ Jj — JJW/ 


nf rl =1 rj^H • 












n o it * 












// C <= ~ /"A IB) (FL undated) 












f q1" — F 1 p"" 1 — V~\ r~* — "1 e~\ ^ r\ F 1 — V~i F 1 — "1 p~i ;3 p~l 
Lt; L Lll — J L O — JJ O — X <J d<J- J_ _L — JJ J_ _L — lUaU 


a _Lu _ 


n f^t ~v a 1 n — a ti V 1 f~> 
I1U-L cl-LU — J_a.IlJS.-LvJ 


a~ a 




CL — JU W JJ — JJ JJ — JJW f 


C+- y~\ =1 n a H • 












X O IT * 












// C <= A A S fFi undated) 












F d F — FT /— < — V~\ — 1 /~\ -3 /-3 F 1 — V~\ F 1 — I -a p"n 
-LtrLCLl — L± C- — ij C — l(JdU -L _L — L) LI. — ±UciU. 


a -Lu— 


X(J1 a.-LU — 1 aIlJs.1 D 


a~ a 




ci — JJW JJ — JJ JJ — JJW f 


pf rl =1 n^H " 












nx o it * 












/ / ^ — (rt x3 / [rii ujJUaLcJU/ 












f of — F1 p — V~i ^ — T/^iarS Fl — V~i F 1 — 1 r~\ ^ 
lc L.t_-Il — J_ X O — U O — lUaU -L-L — U J_ X — lUaU 


a _l_u~ 


th v v~ aln — y a ri V 1 C~\ 
I1AU1 al U — J_clIlJS.X\_) 


a — 


a 


ci — JJW JJ — JJ JJ — JJW f 


pf rl =1 n^H " 




































F f n n — F 1 p — V> /~i — T ^ /~] F \ — V*i F 1 — 1 /~J 
LcLLIl — 11 C — & L, — lUdU J_ _L — U L ± — ±UciU. 


a lu— 


■3 t~~\ f~\ a 1 n — y a n V 1 
aCIU. dlU — XcillKID 


a— a 




Ci— JJW JJ — JJ JJ — kJ\N r 


nf rl =1 rj^rl • 

L _L _L W O. U. f 












q 1 i V"n • 












// C <— fl — R ^PT. nnHa-h&H ) 
/ / w ^ — .ri x3 ( J7 Jj UyUd teuy 












f ol" — Fl — V~i r™ 1 — 1 par) F 1 — V~i F 1 — "1 Pi 


a lu~ 


oil y~\ a 1 n — y a ti V 1 C-\ 


a~ a 




CL — JJW JJ JJ JJ JJ W f 


r-Fr-l =1 rj^rl • 

L _l_ _L W O. U. ^ 












cLU-UL-. . 












// < — fl -i> R -/./-» a T-r-tr /TTT. nnW^f 1 
// I— ^ ATDTC-aXXy ( i* Jj Li j-JUci L. cr Li / 












F F /-i r~i — F l /~* — \~\ /~* — I s~\ f~\ F 1 — \~\ F 1 — I r\ 
J_^LUll — J_ J. C — L) C — l(JdU -L-L — L) J_ _L — ±UciU. 


a lu— 


2 p]p) p< aln — v a n V 1 

aU.U.C dlU — £dllK±0 


a— 


a 


d. — JJW JJ — JJ JJ — JJW f 


(~*"h "rl =1 na H • 












O UJJJJ . 
























f d1" pIi — Fl /-~< — "W r* — H/^i^i/H Fl — \\ F 1 — "1 c\ ^ c\ 
IcLLIl J L k^, U — XUclLl J__L — U J_ _L — lUaU 


a lu— 


c 1 1 V~iV~\ ^sTii — ya ri V 1 C~\ 
o UUJJ d J- U. -L CII1JS--L <j 


a = 


a 


d^ — JJW JJ — jj jj — jjw f 


(~*"h t* 1 =1 na H • 

OLJ — L lUuU/ 












lshl : 












// C <= lshl (A) (FL updated) 












fetch=fl c^b c^load fl=b fl=load 


alu= 


lshl alu^rank!6 


a^ 


a 


a=bw; 
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ctrl=load; 
lshr : 

// C <= lshr (A) (FL updated) 

fetch=fl c=b c=load fl=b fl=load alu=lshr alu=rankl6 a=a a=bw; 
ctrl=load; 
ashl : 

// C <= ashl (A) (FL updated) 

fetch=fl c=b c=load fl=b fl=load alu=ashl alu=rankl6 a=a a=bw; 
ctrl=load; 
ashr : 

// C <= ashr (A) (FL updated) 

fetch=fl c=b c=load fl=b fl=load alu=ashr alu=rankl6 a=a a=bw; 
ctrl=load; 
rotcl : 

// C <= rotcl (A) (FL updated) 

fetch=fl c=b c=load fl=b fl=load alu=rotcl alu=rankl6 a=a a=bw; 
ctrl=load; 
rotcr : 

// C <= rotcr (A) (FL updated) 

fetch=fl c=b c=load fl=b fl=load alu=rotcr alu=rankl6 a=a a=bw; 
ctrl=load; 
rotl : 

// C <= rotl (A) (FL updated) 

fetch=fl c=b c=load fl=b fl=load alu=rotl alu=rankl6 a=a a=bw; 
ctrl=load; 
rotr : 

// C <= rotr (A) (FL updated) 

fetch=fl c=b c=load fl=b fl=load alu=rotr alu=rankl6 a=a a=bw; 
ctrl=load; 
add8 : 

// C <= A[7:0]+B[7:0] (FL updated) 

fetch=fl c=b c=load fl=b fl=load alu=add8 alu=rank8u a=a a=bw b=b b=bw; 
ctrl=load; 
sub8 : 

// C <= A[7:0]+B[7:0] (FL updated) 

fetch=fl c=b c=load fl=b fl=load alu=sub8 alu=rank8u a=a a=bw b=b b=bw; 
ctrl=load; 
add8c : 

// C <= A[7:0]+B[7:0] (FL updated) 

fetch=fl c=b c=load fl=b fl=load alu=add8c alu=rank8u a=a a=bw b=b b=bw; 
ctrl=load; 
sub8b : 

// C <= A[7:0]+B[7:0] (FL updated) 
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■fo-|- pVi — "F1 p — h, p — 1 AaH "F 1 — h, "Fl — T p, ;^ p] a 1 n — 
1c LUIi J L u — kj u — _L LJ cALA J__L — kj -L-L — lUaU al U — 


c 1 1 hi ft h 
o UJJ O kj 


3.1. U~ 


r~ ^ n I/ - ft 1 1 
-L cLl 1 JS- O U 


ct 


— 3 


3 


— htT.T hi — h\ \~\ — h\T«T • 
— kj W kj — kj kj — kJW f 


ft rl =1 P,;3 H " 
















IbllOl . 
















// C <— A fl ' HI -f-R fl • HI /JPT. i7r>rf^^-rfarf ) 

/ / I— ^ — A£ / . UJ iD I / . U J (rii U £->Li& L, crU / 
















f eh — "Fl p — h f~> — 1 p raj p] "F 1 — h ~f~ "1 — 1 n 3 H ^ 1 n — 
J_ L- 0 1 1 — J L u — U u — lUaU J_-L — kj 11 lUaU cl _L U — 


1 Qh ft 1 

lollul 


3.1 U~ 


t a ri V ><n 
-L cLl 1 Jv O U 


3. 


— 3 


3 


— JOW } 


o i i — l luau.^ 
















IbllOl ■ 
















// C A f 7 • fl 7 -4-R r 7 • fl 7 /ST. Tirv-Taf-rfaW) 
















f ol" — F^l p — h p — H p a p] i 1 — h "F 1 — 1 p ;ai pi ^ I i n — 
J_t^L-L-ll — J L U — U U — lUaU -L-L — kj J__L — _l_ O 1 3 UL Cl-LU — 


1 oh ft T 
lollul 


3.1 U~ 


t a ri V ><n 
-L cLl 1 O U 


3 


— 3 


3 


— JOW } 


pf rl =1 P,;=} H " 
















cL o 11 O _L . 
































f ol" — F^l p — h p — 1 naH F" 1 — h, F" 1 — T p :ai p] 3 "1 i n — 
IcLLIl J L U — kj U — lUaU J__L — kj J__L — lUaU cl-LU — 


PI qh ft 1 
d o 11 0 _L 


3l 


~v ^ n l^ - ft 1 1 
-L cLl 1 Jv O U 


3. 


— 3 


3 


— t) W } 


ff r 1 =1 H • 

OLJ — L i-Ua \JL f 
















cLoilO I . 
















// C* <= A fl ' fl 7 +R fl ' fl 7 CFl. imHa-h&H) 
















f al - — F^l p — h, p — 1 a a H F" 1 — h, F" 1 — ~\ p ^ pi a 1 it — 
IcLL-Il J L U — kj U — _L LJ clL-l -L_L — kj J__L — LUaU cl-LU — 


-3 Q h ft Y~ 

dollOi 


3l 


r~ ^ n l^ - ft 1 1 
-L cLl 1 Jv O U 


3. 


— 3 


3 


— t) w / 


nf rl =1 rjar] • 
O I L_L _L w a UJ. ^ 
















-rnF Pnl • 
































f q1" — F^l p — p — 1 r^i /H "F 1 — V*\ F^ "1 — 1 Ai 3 H — 
J_t^L-L-ll — J L O — U O — -HJ&Ll -L_L — U J__L — lUuU Cl-LU — 


rnf- ft p 1 
L U L. O U _L 


slu 


— r a a V ft 1 1 

— J_ ciilJY O L 




3~ 


3 


3~bw / 


nf r 1 =1 rjar] • 

\s \ L_L _L \J Q. \J. f 
















T~ P F ft P Y~ " 
















// •<'— A fl ' m 4-"R fl ' m /ITT nnWaf oWl 
















f ol" ph — F^l p — "W P — 1 paH f 1 — V~i F^ 1 — 1 a 2 pi ^"lin — 
J_t^L-L-ll — J L O — U — -LUclLl J__L — U J__L — lUuU Cl-LU — 


y Ah ft P V" 


slu 


— r a a V ft 1 1 

— J_ CLIIJVO L 




3~ 


3 


3~bw / 


pFtI =1 O^lH " 
L/l L_L 1 UQ ^ 
















rn f- ft 1 • 
















// C A f7 • (1 7 J-R f 7 • fl 7 /ST. i7r)W^f-^arfJ 
// ^ .rl £ / . U J iD I / . \J J (f L U j~JLld t crU / 
















f ol" ph — F^l p — V~i p — Tp3p] F" 1 — V~i F" 1 — T pa H a 1 it — 

1c LLI1 J L — D O — XLJclLJ. J__L — U -L-L — lUuU Cl-LU — 


rnh ft 1 
lULOl 


3I U~ 


~v ^ n l^ - ft 1 1 
J_ cLl 1 JV O U 


3 


— 3 


3 


— b w / 


pFtI =1 n^H • 

L/l L_L 1 UQ \J- f 
















ITOt 8 IT I 
















// C* <= A r 7 • fl 7 +R T 7 • fl 7 ^PV. T7r>rf^f-*aH) 
















FoFph — F^l p — hi p — Tp3p] F" 1 — h F" 1 — T pa H a 1 in — 
1c LLI1 J L — kj U — J-LJclLJ. _L_L — kj J__L — lUaU Cl-LU — 


rot o zr 


3. _L U~ 


r~ ^ n l^ - ft 1 1 
J_ cLl 1 JV O U 


3 


— 3 


3 




ctrl=load; 
















cast_uns_a : 
















c=b c=load fl=b fl=load alu=a alu=rank8u a= 


CL Cl — 


hw • 










fetch=fl a=a a=load c=a c=bw 
















ctrl=load; 
















cast_uns_b : 
















c=b c=load fl=b fl=load alu=a alu=rank8u b= 


P3 h = 

CL kj — 


V-lT«7 • 










fetch=fl b=a b=load c=a c=bw 
















ctrl=load; 
















cast_sig_a : 
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K^ kj \ — _L KJ Ct Li. J L — kj J L — ± U CI Li CL _L Li CL u -L U J_ CI 1 1 JN- O O CL CI CL 


— 1~ITa7 " 
kJWf 




f qI" ph — F 1 ^j— ^ 23 = 1 p~i 23 p-1 p^ = 23 — V^T fl 7 
1 c L Uii J L a a ct lUaU O — ct L- — jjw 






pf r 1 — 1 p~\ 23 P~] • 






facf Q n PY Vi " 
Uao L oiy kj . 






p-> =H r , = lf~i^H f 1 —V s ! "Fl=ln^iH al n=a a 1 n = ranVfic; "K=p "h 

K^ V _L KJ CL \_A J L kj J_ _l_ _L KJ CL KJL CL -L- L-i CL CL ± U -L- CL 1 1 Jv KJ O .k^ 1 CL X-' 


— bw } 




Fp>1~ hYi — F1 V~i— 1 (~i^H = ^) (^■=V~ita7' 

J_ \3 L Ull -L- -L. kj CL i^ 1 -L. KJ CL V.A V • CL ^ J^ 1 VV 






pf rl =1 o^lH " 

L/l L _L 1UQ KJ. f 






equals : 






// MAR <= SP, MDR <= RAM (3 clocks) ; 






mar=s mar=rankl6 mar-load mdr=ram_read; ctrl=nop; ctrl-nop; 




// C <*— MDR /FT nnHsf oW J 
/ / L- ^ — L v iU£\ ( r ±j upuaceu / 






C~ XJ L> — KJdU. J_ _L — XJ ZZ — KJaLl alU — d alii — ZdllKZO ILlLiZ — d 


TYI > V* 23 r3 1^" "1 C~\ TY3 /H "K \~\ T.T ■ 

XIICJ.Z — I dllKl O II.LU.X — XJ W f 




"F^Fr^l^ — F1 ■ pf rl =1 n^H • 

J L f I L J-KJ CLLi f 






not s * 






// MAR <— CP— 4. 9 MT)R <■— RAM r>7nr*lrc) • 






IlLcL-L — 0 IlLdZ — ZdllKZO ILldZ — ZOdLl IIUJLZ — Z dill I caU bp^lipz , 


("> +" V* 1 Y1 Y~\ • /~i T" "V^ 1 Y3 r\T\ • 

OLil — HOP/ LLI 1-IlUp, 










— V"i 0 — 1 p> ;3 p"! "F 1 — V^i F 1 — "1 p^, 23 pi 23 1 1 1 — r~i "t - ^3 1 i i — r^nt 1 £ m <H y~ 
L> — U O — lUaU J L — kj J__L — lUau d_LLl — IltJL. all! — J_dilJs.-LO ILLU. J_ 


— 23 TYI ~Y T 21 T3 1/ 1 TYI > r~\T«T • 

— d 1LLL1Z — Z dllJS-Z U U1U.X — kj W / 




/ / VILJrs. ^ — 






IIL(JL£— d I[LU.£ — lUaU U^d U — JJW/ 






// MAR <= SP=—2 RAM <= MDR (3 clocks) 

/ / 1 jni\ ^ lull i All /1\ | L'X^L'JVO y 






TYI > C TYi 23 > V 23 T3 1^" *1 TY3 23 v 1 /"> 23 TY3 23 "k T-~ 23 YY1 T.7V 1 +" /23 O v~i orm 0 

iLLd£ — o I[Ld£ — £dllK£0 ILld£ — l(Ja(i I[Ld£ — ZdX.ll WI 1 Lc op— CJXIl^ 


bp — H-WP' OLIl — HOP/ CLI1 


—nop } 


r i23l T~ /"I "F 1 • f~\ T~ ~V~~ 1 1 /^i 23 /—J • 






and.s ; 






// MAR <= SP=+2 MDR <= RAM (3 clacks) ' 






TYI 23 >" — Q TYI 23 V~ — V" 23 T*3 V 1 771237^=1 A2lH TYI H T" — T* 3 TYI (T3 23 H Qri-Hfl? * 

ILLd-L — o ILLd-L — I d.llJS.1 U ILLd-L — J- KJ CiKJ. HikjlI. J_ dILL i_ Ct Li. o ^J kjl^j Z, f 


r^"hr"l = ■pi • p""hr~l =n ori • 

1^.1 — L_L llLJJ^/ Oil 1 




/ / A <= MDR ' 






23 23 23 \ /~\ 23 TYI T- 23 TYI f~l ~V T 21 ri V 1 TYI "V V~iT.T • 

d — d d — ZCJdU. IUU.Z — d ILIU.Z — IdllKl O IILU.Z — JJW, 






// MAR <= c *P=+2 MDR <= RAM (1 c 7 neks) * 






TYI 23 T O TT1 3 T T^^r^V"'! ^ TYI 23 T 1 (~\ f~\ TYI H T >~ 23 TYI Y~ O 3 *H C! T~i — T~l C • 

iLLd Z — o 11 Ld Z — ZdllJvZO ILLdZ — lUaU 1LLU.Z — Z dILL Z tr d Li o fJ — vJ.J-' Z. / 


p^ \~ y~ 1 — r~i An • r* \~ y~ 1 — n ppi • 
LLI1 — IlUP/ L-LI 1 IlUp^ 




// R <r= MT)R ' 

/ / J—> ^ V1LJ t\ f 






b=a b=load mdr=a mdr=rankl6 mdr=bw; 






// C <= A4B CFI, updated; 






c=b c=load fl=b fl=load alu=and alu=rankl6 a=a 


a=bw b=b b=bw; 




// MDR <= C 






mdr=a mdr=load c=a c=bw; 






// MAR <= SP--2, RAM <= MDR (3 clocks) 






mar=s mar=rankl6 mar=load mar=ram_write sp=qm2 


sp=qup; ctrl=nop; Ctrl 


—nop } 


fetch=fl; ctrl=load; 






nands : 






// MAR <= SP=+2, MDR <= RAM (3 clocks); 






mar=s mar=rankl6 mar=load mdr=ram_read sp=dp2 ; 


ctrl=nop; ctrl^nop; 




// A <= MDR; 
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Pi = Pi Pi = 1 (~\ Pi n TT1 fH T~ = Pi TY1 H F— T^l Tl V 1 h\ TY1 (H T~ ^:1^TaT * 
Ct Ct CL _L <J ClCt ILLU.-L. Ct ILLd-L i_ Ct i 1 JV _L C) ILLct _L JJ W ^ 










// MAR <■= CD = x9 MDR <T= RAM (1 r»7npt<:) • 










lUcL-L — o IiLcLJ- — £ ci 1 1 K J_ 0 ILlci X. — -LCJcLU. I[LU.J_ — £ cull £trcL(J- bp — 


dpz ; 


"F V 1 V~l /""N 'K"! 

LLI ± — IlUp 


• F "V" 1 — r~i i^"r> • 

/ cLI 1-IlUp, 




// B <= MDR • 










b=a b=load mdr=a mdr=rankl6 mdr=bw; 










// C <= ~CA4S; (Fi updated; 










c=b c=load fl=b fl=load alu=nand alu=rankl6 a= 


d cL— Jjw U — 


D & — JJW f 




/ / VILJtS. ^ — 










ttiHt^— 1 naH r~" = ^i f~"— T — . tat • 

1LLW.J- CL ILL J_ ±UuU O CL L^ J^> W f 










/ / MAR <= QP=— P RAM <r= MDR r>l rtr>1c<s ) 










m 3 > o tti ^ t r 3 n V 1 F> in 3 > 1 Pi tc\ Pi t ~v™ 3 m t«t v n F 0 

iLLd. £ — 0 ILLcl £ — £ ci 1 1JY £ t) ILLd £ — lUaU. II Let £ — J_ ctiLl W I 1 Lc 0 U 


■ — c^mz! 


bp- (J[U_p f 


t~* F "k~ 1 — i*~i t~> • ri-l- y- 1 
LLI1 — 11 Up / OLI1 


—nop } 


£ fc: L C 1 1 ~- £ £ ^ till — £ O ctu. , 










oirs : 










// MAR < — CD — 4. 0 MD P ■<*— RAM ^7nptc) * 










t— c; m^T" — r a n V 1 f-i rn ^ r~---- 1 i^i^iH m H t~— t~ 3 in "r^o^H 0 t— > — 

ILLCL-L O ILLCt-L J_ Ct 1 1 JV J_ vj ILLCt-L _L CJ Ci Ci. ILLU.J- J_ CtlLL J_ Ct vJ- Oj-J — 


upz, , 


c F y~ 1 — t~i r^L v~i 
U L.-L _L — IlCjp 


/ HUP/ 




// A <:— MDR • 










r\~ r\ a=l nad itiHt— ^ mHr= T^nlc 1 itiHt— hiw * 

CL CI CI -1— v_y OL V_-L 1 L J_ CI 1 L LCI -1— -1— CI 1 1 _1_ W 1 L LC4- J_ J^_y VV / 










// MAR <= SP=+2 MDR <= RAM (3 clocks) • 

/ / iifu\ 1 ^ ^ 11 1 /X\ lull i J L-X^LrAO y ^ 










1 L LCL -1- O J. L LCI -1- -1- CI 1 1 Jv _L \J 1 L LCI J_ _L C/ CL CL 11 H^J. J_ J_ Cll L L J_ ^ CL V*L O ' 


dp 2 ^ 


f n — i*~i ^ ■K"! 


• r~* F "V" J — VI i"\"r~\ • 

/ cLI 1-IlUp, 




/ / H < — MDR • 










"K=a "h=l rfiHr^a TnriT^T^nlc 1 itiHt— hw* 

J^y CL J^" _L w CL vJ. 1 L L^J. J_ CL i L L V_A J_ J_ CL 1 1 -TV _L 1 L LC-L J_ l^s W ^ 




















=V^ p— 1 riaH "F 1 — ■Fl— Ir^riH a 1 n--:nT a 1 n = r , anV1 ^ 

U L> -L^JCtLJ. J L kj J L lUuU Ct_LLl UI Ct_LLt J_CtlljS._LvJ 


ct ct 


3 — F~\T«T ~\~\ — Y~\ 


JO— jDW / 




// MDR 










rnHp — 3 ttiHt~— 1 naH r"'----:3 p— V^t.t* 
1LL^-Lj_ Ct 1LLLJ.J- 1UCIU Ct W ^ 










// MAR <= <ZP=—2 RAM <= MDR (1 clncki) 










m 3 > o ryi 3 t t a ri V 1 ^> tyi Pi > 1 Pi rri 3 t ~v™ Pi m t«t v n "F o 

ILLCL -L O lLLct-L J-ClIlJS.±0 ILLctJL — lUuU. ILLct J_ — J_ CtlLL W IlLc o U 


— c^mz! 


O "K^\ /—-f I T ■ 

bp- ^Ltp f 


LLI1 — HUP/ LLI1 


—nop } 


J_tiLUll — -L-L^ till — XCJd-U./ 










nors : 










// M2R CD-J. O MD P pa/lf /n7nptc) * 
/ / l v lri£\ Or-TA, 1 Y 1L/I\ ^ — xVr4i*Li (J CIOCao/ , 










lTl 3 7" — Q TTI 3 T=T3 TlV 1 Fi TTI a r=l O ^3 (H TTI Ht~ T3 1T1 O ^3 (H Q T~l — 
ILLCLJ. O ILLCtJ- J_CtlljVJ_vJ ILLCtJ. ±UClU. ILLULJ- J_ CttLt J_ Ct Ct o U — 


Ht~^ • 


F y~ 1 — t~i 
U L.-L _L — IlCjp 


• C* F T** 1 — T~i ^ • 

/ till — il(jp f 




/ / a <r — iwnp • 










?\~?\ a=l naH itiHt— ^ mrST — r^nk 1 mriT— hw 

CL CL CL _1_ v_y C-L V_-L 1 L LCL _L_ CL 1 L LCL -1— -1— CL 1 1 _L W 1 L LCL _L_ VV / 










// MAR <= 5P=+2 MDR <= RAM /- 7 nrlf <; ) • 










mar=s mar=rankl6 mar=load mdr=ram_read sp= 


dp2 ; 


F v 1 — v~i ■K"! 
LLI ± — IlUp 


/ cLI 1-IlUp, 




// B <= MDR; 










b=a b=load mdr=a mdr=rankl6 mdr=bw; 










// C <= ~(AIB) (FL updated) 










c=b c=load fl=b fl=load alu=nor alu=rankl6 


a=a 


CL - JJW U — JJ 


io — jD w ^ 




// MDR <= C 










mdr=a mdr=load c=a c=bw; 










// MAR <= SP=-2, RAM <= MDR (3 clocks) 










mar=s mar=rankl6 mar=load mar=ram_write sp 


=qm2 


sp=qup; 


ctrl=nop; Ctrl 


^nop; 
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"F f* t~ cY\ = f : 1 ■ c\~t1=^C)rc\* 

J-C J- J- f ' L_L ± U U VA / 








X O IT S * 








// MAT? <= <ZP=-l-9 MDR <r= "RAM ( ? p?npt<:) • 








TTI 3 T O TT1 3 T r^TlV 1 ^ TY1 3 V 1 i"\ T3 iH TTl H T T r3 TTl r~ 0 T3 H C! T"^ — T~l • 

I Lid J_ — o 11 Let -L — I dl lis. I O ILLd I — lUaU. 11 LUX — I dill I tr Cl Li o p — Up __ f 


r~> H — 1- 1 — ti r^\Ti 


• nf r 1 — ti ATI • 
/ till — IKJjJf 




// A <= MDR ' 








ti = ti tj _= 1 rrifHT~ = ;3 TTiHr~=T^^'nV 1 f-i mH r— • 

CL Ct CL X L> dLt 1LLLIX Ct 1LLLIX X d 1 1 -IS. X L> 1LLL1 X kJVVf 








// MAR <= 9P=+P MDR <= RAM ( ? p7opt<:) * 








TTI 3 T C! TT1 3 T 1^3 Tl V 1 f-> TY1 ^3 T 1 H 1X1 H T y- Tl TTl V O 3 /H C! T~l — T~\ 0 • 

ILLa. J- — o ILLcL I — I dl lis. I U ILLd I — I L> d U 11 LUX — I ClILt J_ tr CL LI oU — Lip __ ^ 


t~* F T~ 1 T~l T~1 

L- Li X — IlCJkJ 


• c* F y~ ~\ — ti rin • 
/ L- L X X — Il(Jj-> f 




// B <= MDR ■ 








V~\ — V^i — 1 o rs r\ m t! t rs m Ht t 3 n V 1 ^ m /H > "Fit«t * 

U — Cl U — X U O. LI ILLUI — d 1LLLI J_ I d 1 1 JS- 1 O ILILII — U W ^ 
















L- — U L- — I L> dLl J L — kj XI — I L> d U CL _L U — AUI d I U. — J_ctJ.ljS.-LO Cl — CL 


Tl — V~iTaT Vl — r~i 

d — x> w u — u 


L)~ JO W } 




// jMDjR <= C 








TT|H t— p\ rnHr-— 1 pi^H P — P\ f-hw 

ILl^L-L. CL ILLiwLJ- ± WQU. » . CL I . .kJ Vv ^ 








// MAR <= SP——2 RAM <= MDR (3 clocks) 








TYl 3 T O TY1 3 T 3 "Pi T t-i TTl 3 > 1 (~~\ 3 TY1 3 T ~Y™ 3 TTl T«T V 1 t~ £_i O 1^ (~^XT\ / 

ILLa. J- — o 11 Let J_ — j_c111jS-XC) ILLclJ- J-L'CILI 11 Let J_ J_ CLiLL W J_ J_ L tr O JJ — L^iLLZ. 


o]J — M f 


rif t! — Tl T\Ti " C F T~ 1 

L- L X X — IlUkJ/ L.LI1 


—nop } 


J_ C U Ull J- J- f ' LJL ± U G VA / 








1 1 .A. L> J- O > 








// MAR <= QP__r4-P MDR <■= RAM ( 3 p7npt<:) • 








TTl 3 ■> C! TTl 3 T T^r3TlV"'l ^ TTl 3 V 1 ri3 H TTl H T Y~ r3 TTl TO a H C! T~l — Y~\ 1 • 

ILLcl J- — o 11 Let J_ — j_c111jS-XC) ILLclJ- — -LUclLl 11LU J_ — I. cliLL I. tr ct Li o p — LI J-* __ f 


f~* F T~ 1 — Tl T\Tl 


• r* F v~ 1 — ti piti • 
/ L- L X X— IKJJJ f 




/ / A <= MDR ' 








3 = -a __: 1 3 TT1(Ht~ = ^3 TTl /H Y~ — T~ ^ Tl V 1 f~i TTl H T~ — r~lT«T • 
Ct Ct Ct J_L>CtLt 1LLLI-L Ct ILLLli- J.CtllJS.J.L' ILLLtJ. Uv\f 








// MAR <= QP=+P MDR <= RAM (1 r»7 rtr>1c<s ) * 








IlLdJ- — o IlldX — XdllKXD iLldX — J_L)dLl 11LU.J1 — L dill XtrdLt okJ — LljJZ r 


f 1 ~\~ v* n — t~i 

LLI X — IlL>p 


• r~* ~\~ ~v I — Tl /~\ T^ • 

/ LLI 1-IlUp, 




/ / B <= MDR ' 








V~\ — ti V~\ — 1 o ^3 iH m t ti tti rl v Ta nV 1 ^ tti iH > r~\T*T * 

U d U — XUdLt 1LLLIX — d 1LLLIX X dilJS-X O ILLLtX kj W ^ 








// C* <— ~ fA*R\ (VT. 7 7T->W^? f- or! ) 
/ / L- ^- — ^ (_h __> / (jrjj upua ueuy 








/-~> — V-\ — 1 a a H FT — V^i F 1 — *1 ti tjIii — n vriv tiIii — TanV 1 ^ ti — 
t> — U L> — XLJdLl L — U XX — XLJdLL dXLl — IlAUI dXLt — XdilJS-XtJ d — 


ti ti — V~iTaT r> — 
d d — JUW L) — 


k~i Vi — 1"iTjiT • 




// MDR <= C 








rr\r\ r*= p\ ttiH-k-— 1 OiP\f\ C~ ^\ f-hw 

1LI"^-LJ_ CL 1 L l^_A. J_ J.UCLU. ^ - CL ^ - l^J Vv ^ 








/ / MAR <— CP— — 9 Dfl|lff unp / "3 7 riflca ) 








TTI Tl V* C 1 TTl Tl V* V* Tl T^l L~ T if^ TTl Tl V" Tl ^1 TTl Tl V s Tl TTl TjiT V"* T "I - zT^ O ^fTTI X 

ILLdX — o IlLdX — XdilKXO ItldX — XUdLI IlldX — X dill WXXLtr o|J~L|IlLZ 


bp- L[U jJ ^ 


/~i f v~ 1 — ti t~i • "i - v~ n 

L-LXX — 11 L>p / LLII 


=nop; 


"FF s 'hr , hi = "F1 ■ cf~ t! =1 o^iri * 








dLtLlo . 








// MAR <= QP=4-P MDR <■= RAM ( ? plnrtc) • 








TTI Tl O TTl a T T^r3T~lV"'l ^ TTl 3 V 1 i"i T3 (H TTl H T Y~ T3 TTl V (_- T3 f~\ C! T~l — T~l C • 

ILLd X — o 11 Ld X — XdillS-XO ILLdX — lUaU 11LL1X — X diLL X tr d Li o \J — LlJ-* __ f 


pf V"l — Tl T\T~1 

t_-L,X X — IlL>p 


/ L-LXX — L1U\J f 




/ / A <= MDR ' 








Ti =Ti Ti — 1 (~\ Ti H TTlH T~ = Pl TTlH Y~= T P\ Tl V 1 f\ TTlH r"— r^lTft7 • 
Ct — Ct Ct — _L \J Ct Lt 1 L LLt J_ Ct 1 L LLl J_ J_CtllJS._L\J 1L LLt J_ W ^ 








// MAR <= 9P=+P AfDR RAM t r» 7 nr>]c<z ) • 








TTI Tl O TTl Tl "1- V~ Tl Tl 1^" 1 £-1 TTl Tl 1- 1 :Zi TTl T v~ Tl TTI V dTi Tl W O T~\ (~\ Y~\ / • 

IlLdX — 0 IlLdX — XdilKXD IlldX — XCJdLI ItLLlX — X dill XtrdLt — LljJZ r 


LLI X — IlL>p 


/ LLI I-IlUp, 




/ / B <= MDR ' 








b=a b=load mdr=a mdr=rankl6 mdr=bw; 








// C <= A+B (FL updated; 
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L — XJ O — I U a. Li J L — XJ II — lUau CL I LI — ct Li LI Cl I Li — I cti 1 is. I O Cl — Ct 


ct — kj w xj — XJ XJ — XJ W f 




// MDR <= C 






mHr - 3 mHr — 1 naH p — a p — hw 

ILLLiX. CL ILLLi-L ±UCIU. L- CL L- XJ W f 






/ / MAR <= QP=— P RAM <r= MDR / ? r>l rtr>1c<s ) 






TTl a T C! TT1 3 T V £3 r~l V" 1 ^ TY1 r3i T 1 H TTl 3 T y~ a m TaT T 1 F O C! T~> — fT m C 

ILLcL J_ — o ILLcL I — I Cti IIS. I U 1 L Ld J_ — I L CL Li ILLcl J_ — I clILt W I 1 Lc o Li — LjiLLZ. 


OjJ — LiUjJf U Li. -L ilLiLj ^ LLI X 


=nop ; 


"F f^t" p"h = f 7 1 * pi - rl =1 naH • 






o U.XJ o . 






// MAR <= QP=+? MDR <"= RAM (1 p7npt<:) • 






TTl 3 T- O TTl 3 T V 33 T"l 1^ 1 f-i TTl 33 > 1 (~\ 33 H TTl ("l T T* 3 TTl V Cll a /H O f~\ f"l T~\ / • 

ILLcL X. — o 11 Let I — I cti IIS- 1 U ILLcl I — I L Cl Li ILLLiI — I clILL I tr cL Li. O Li — Li J--* Z. ^ 


f" F t~ 1 — r~i i^\t~\ • ^ F t* 1 — t~i f~\y~\ • 
L-LIi — ilLiLj^ LLI i HUP/ 




// A <= MDR ■ 






a u CL I L CiLi ILLLiI — Cl ILLLiI I Cl i 1 JS. I O ILLLiI — U W ^ 






// MAR <= QP=+P MDR <r= RAM / ? p?npt<:) • 






TTl 33: T- C! TTl 3 T rariV 1 fc\ TTl 3 V 1 C\ 33 (~\ TTl H T >~ 33 TTl V O 3 /H C! TO — f"S T~l C ■ 

ILLcL X. — o 11 Let -L — I ell lis. I L) ILLci I — -LLiCtLi iLLLil — I ctiLL i_ tr ct Li o — Lij-* Z. ^ 


LLIi — ilLiLj^ L.LIX— IlUPf 




// B <= MDR • 






U — Cl — _L LJ Ct Li ILLLi-L Ct ILLLi-L — J_ciilJ < i--LL) ILlLi-L — U W f 






/ / C <= A— R {FT. nr>Ha1-e*H ) 
/ / w Jrjj | e jj uyua ucru/ 






L- — kj L> -LLJCtLi J — kj J__L^ — _LLJctLi ct _L Lt — 0 UD ct _L Li — J_ciilJS.-LO Cl — Ct 


ci^ — XJ w kj — XJ XJ — ^XJW f 




// MDR <= C 






mH "r — 3 TTiH'r"— 1 nsH c = r=i r 1 — V^inT ■ 

1LLLJ.J_ CL ILLLi-L ±UCLU. Cl L-- i~J W ^ 






/ / MAT? <— CD--9 RAM MD77 ( ? /-» 7 rtr»lcc ) 






TTl ^ T O TTl 3 T T3 T*l V 1 ^ TTl 3 > 1 i"\ 3 TTl ^ T T* 3 TTl T«T > IT" O T~l i^TTTl S 

ILlci X. — o 11 Let J_ — X.C1111S.XLJ ILLciX. — ±.L-*CtLi ILLct-L — X. ctiLL W I 1 Lc o VJ Lj^iLLZ. 


O T> /~fl T • F y 1 T~l / — \ T — \ • f* T" y~ I 

OJJ — LiUJJ^ LLIi — ilULj, LLII 


=nop ; 


~f (^\~ cY\ = i = 1 ' c\~~r\ = \C)Rr\* 

J- vT- L Oil J- J- f K^- ' L_L ± U Cl La / 






CLLiLiLv O . 






// MAR <— CP- 4.0 MHR <*— RAM / ? /-» 7 Zr <? ) • 






TTl 3 T- O TTl 3 T V 3 T~l 1^ i C--i TTl 3 > \ (~~\ 3 TTl ("l T T* 3 TTl y ^1 O T> T~\ / • 

ILlct X. — O 11 Let X. — X.C111JS-XLJ ILLciX. — X.L-'CtLi ULLiX. — X. CtiLL X. tr cl Li o Li — Li Li Z. r 


F t~ 1 — r~i t~i • (~* F 1 — t~i /^t> • 
LLII — ilLiLj^ LLII — IlUp ^ 




/ / A <= MDR • 






"3 — -a — 1 ri3 H rn c\ y r3 TTl rl v n V 1 ^ m r\ y 1^t«t * 

Cl — ^Ct Ct J-L^cLLi ILLLiX. — cl ILLLiX. X. ctillS-J. O ILLLiX. — kj W f 






// MAR <r— CD-J.9 M7~)R RAM /'R plnptc) • 






ma t~=ci inr^'K~=T^3'nV1(--i ms y-=l naH rri H t~— t~ a m ro^H ori-Hri? ■ 

1LLCLX. — O ILLciX. — X.C111JS.XU ILLciX. — J_LiClLi ILLLiX. X. CtiLL X. tr Ct Li O U Li|-i f 


pf -rl — riAn ■ pf rl — n r~iTi * 
LI — L X llLj^i/ LLII 11L|J^ 




/ / B <= MDR • 






\~\ — a Vi — 1 AaH m iH t a tti H t Ta n V 1 ^ m r\ y l^iTuT • 

kj — cl kj — XLJclLi ILLLiX. — cl ILLLiX. — X.CH1JS--LL) ILLLiX. — kj W f 






// ^ nTDTCal -^.z (Tlf Li j-JUci L. cr Ci/ 






— — 1 H Fl — Fl — 1 A3 H 3 1 n — niHrlr 1 alii — T~a n V 1 ^ r^ — 
L> — XJ L> -LLiCLLi J L XJ X. _L — XLJctLi Ct_L Li — Ct Li Li L- ClJ_Lt — X.ctilJS-J-L) Cl — 


a 33 — Vma7 — F~l — V~iTa7 • 

CL Cl — XJ W XJ — XJ Xi — XJW f 




// MDR <= C 






mH t=zs rnHy~ — 1 n^H r~" — a 0 — rS w * 

ILLLiJ- CL ILLLiJ- -LLiCLLi CL L- JJW ^ 






// MAR <= QP=— P RAM <r= MDR r>l rtr>Tc<z ) 






TTl 3 1- O TTl 3 T V 33 T~l li^ 1 ^1 TTl 3 > 1 A 3 H TTl 3 T T-~ 33 TTl T«T > IT" O T~l t~\ TY1 V 

ILLCL X. — O ILLcL X. — X.CtllJS-XvJ ILLciX. — ±.LiClLi ILLcl X. — X. CtiLL W I X Lc O Li LiiLLZ. 


OJJ — LiUj-Jf LLIi HUP/ LLII 


=nop ; 


"F f^F cY\ = i = 1 ■ r , \~T^ = \C)Rr\* 

J- C L Oil J_X^ O I — L_L ± U Q La ^ 












// MAR <r— Cp-J.5 MDR <r— RAM /" 9 p7nr*tc) * 






rn r^ = q TTi3r = rflnV1 f-i m^r^l nprl mHr^rsm tpi^H o r^i = H "Ti • 

1LLCLJ- O ILLCL-L J_CtllJS._LLJ 1LLCLJ- -LLiCL Li 1L LLi J_ J_C11LL J-tTCL Li O Li ki ^ f 


pf rl =Ti pin • pf rl — n nn * 

U 1 1 L llLi^-i/ Ol L_L llLiJ--'/ 




// A <= MDR; 






a=a a=load mdr=a mdr=rankl6 mdr=bw; 
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// MAR <= QP=4-P MT)R <r = Daiw / "3 r 7 n pfc-e) • 






TTl 23 T O TTl 3 T V 3 V\ \S~ \ TY1 3 1 1 T\ 23 f"S TTl f*i T V 3 TTl V £3 23 Tl O T\ — Tl T\ / • 

ILLcL X. — o ILLcL £ — £ dl 1 JS. £ U illct £ — -L\J CLLl 1LLUL£ — £ clILL J_ tr CL LI oU — Lip Z. ^ 


C F T~ 1 — T~l ATI ■ pf rl — Tl /"lT"l • 

LL11 — IIU^J/ OLI 1 — 1 1U£J / 




// B <= MDR ' 






V~i — 23 Vn — "1 ti 23 m t1 t 3 TTi H t — Ti V 1 £-3 m <H t — tiw * 

U — Cx kj — X U a. LI ILLU£ — d 1LLU£ £ d 1 1 JS- £ O ILLU. X. U W ^ 






// a R hnr rnw (WJ. nnHa^&ri ) 

/ / *— ■ ^- — A i-J JJUX I f»V (III U^JiUCl LCU / 






/—i — V-i t< — 1 /-\ a ^ f 1 — V^i F 1 — T Ti 23 tI 23 ~l i ~i — cn V*i F\ n 1 n — 2 n V 1 £ 0 — 23 

U — U C — £L)dLl ££ — U £ £ — lUdU d£U — bUJJJJ dlU — I dllJs.1 D d — d 


23 V"3T.T Fs F\ F\ F\T„T • 

d — JJW U — & U — JJW f 




// MDR <= C 






ILL V_A _L_ CA ILL _!_ _L_ v_y CA V_A ^ * CL ^ * v V / 






/ / ilnA ^ — Or — ^ ^ Aril's ^» — iZlLs£\ | J / 






TTl 23 V C 1 TT1 23 T~ "V" ^ -v^ Lt- H t-. TV3 ^ T\ -3 /^J yyi -23 v* 1 T 23 TTl T*T "V" 1 F Ti O V^t TN"TT3 ^ 

ILLd£ — 0 IUd£ — £dllK£0 ILld£ — £OdLl Illd£ — £ dlLL WIlLc op — LjlUZ 


O — m "1 "K~3 • F y~> ■ /"^ F "V" 1 

bp-CJ[Up, OLI1 — 11 Up / CLI1 


~nop / 


■f r ^"hr~ , "h = "F1 ■ p t~ t 1 =1 p pi H * 

1C LUll J — L f L- 1 I — L X L 1 CLLl / 






1 c;h 1 c: • 
lolllo > 






// MAR <= SP=+2 MDR <= RAM (3 clocks) • 






TTl Tl T O TTl "3 > T 3 Ti V 1 TTl "21 1- \ /~\ 23 TTl i^i T 23 TTl V d2i 23 /™i O T~\ T~v 0 • 

ILlcil- — o IlLcL-L — £dIlK±0 ILld.£ — ±CJd.U. I[LU.J_ — L d.IlL £fcrd(J. o^J — LljJZ ^ 


O F T~ 1 T~l T~l • /~l F I Tl AT~\ • 

LLll — HUP/ L-LI 




// C* <= 7 <?h 7 /A ) (VI. iinH^I-^H) 






/—> — V-\ — "FT — "Fl — 1 a a H 3 1 n — ~\ c h 1 3 1 n — "ra n V 1 ^ m r\ y~ 
L> — kJ L> _LLJdLJ. J L — kj 11 lUdU alU — lolll alU — J_dllJS--LO UILIX 


23 TTl T T~ 23 T3 1 C~\ TTl Tl "V FlT.T • 

— d 1LLLL£ £dllJS.£0 1LLLa£ — U W ^ 




// MDR <= C 






mrj -r = p\ TriHr-— 1 o,p\r\ p — 3 p="hw • 






/ / MAT? <= QP=— P RAM <r= MDR / ? r»7r>r»fc-<? ) 






TTl 23 T- O TTl 3 T - T 2 Tl V 1 C~\ TTl 3 > 1 C™\ 3 TTl 3 T V~ 23 TTl T«T > 1 "H t2i O T~l fTTTI V 

I Lid J- — o 11 Ld -L — £dllJv±0 ILLd-L — lUaU ILLd J_ — -L dlLL W 1 1 Lc o JJ — Lj^ILLZ. 


C! Tl — m 1 Tl • f F T 1 — T~l TlTl " T 1 F T 1 

bp — LjUp^ LL11 — HL)p/ till 


—nop / 


"Fp1"pVi = "F1 * p t" ' t 1 =1 ORfi * 

J_ 1^ ± ± J_ _L ^ V L- -1- -L- -1- KJ CL l^A ^ 






1 chrQ • 
lolll o > 






// MAR <= SP=+2 MDR <= RAM (2 clacks) * 






TTl 23 T O TTl 23 TV T>~ 23 T3 V" \ TTl 23 T \ /~\ 23 TTl T V~ 23 TTl V d23i 23 /"N O T~\ 1^ T~\ 0 • 

IlLdl. — o IlLdl. — £dllK±D ILld£ — XCJdU. IILU.£ — £ dill £crd(J. — Clj^Z r 


T> F v 1 Tl T. T~3 • rif rl — T /~\T\ • 

LLll — HUP/ L-LI 1-IlUp, 










t_ — JJ L- lUdU J L — U ££ — XtJdLl alU — lolll d£U £dllJS-£0 


23 TTl f"! T T 23 T3 \/~ \ C~\ TTl Tl ~Y T1T.T • 

— d 1LLLL£ — £dllJS.£0 1LLLa£ kj W ^ 




// MDR <= c 






mH r-=:3 TriH'r=l P^lH P = 3 n=hw 

1LLvJ.J_ CL 1 L L J_ XUCLvL ^ - CL ^ - VV ^ 






// MAR <= QP=— P RAM <r= MDR / ? cl nclrs ) 






TTl 23. > O TTl 23 T T 3 Tl V 1 (^3 TTl 3 V 1 fl 3 (H TTl 3 T y~ 23 TTl TaT T 1 F O C! 7~! — OTT1 C 

ILld £ — o 11 Ld £ — £dllJv£0 lLLd£ — lUdU 11 Ld £ — £ dlLL W £ £ L O JJ — LjlLLZ. 


O Tl — TTl "1 T\ • T" F T 1 — Tl T\Tl ■ T" F V 1 

c>p — M.Up^ LLI1 — llL)p/ till 


—nop / 


f r F i 'hp"h = "F1 * pf r 1 =1 Aarj • 
J-C J- J- f K^- ' L_L 1UQ La f 






d s hi S \ 






// MAR <= SP=+2 MDR <= RAM (3 clocks) * 






TTl 23 T O TTl 23 T V 23 T3 \S~ \ TTl 3 Tr \ /~\ 23 TTl f*i T >" 23 TTl >~ £23 23 f"31 O T> H T~\ / • 

ILld £ — o ILLd £ — £dllJS_£U lLLd£ — £L*dLL 1LLUL£ — £ dlLL £ tr dLL O kJ — U.j-' Z. r 


T 1 F V 1 — Tl TiTl " C* F T ~\ — Tl AA • 

LL11 — llUp/ till — ll(jp/ 










t_ — U U £UdU J L — U J L — XUdU d£LL — dolll d£U — £dllJS-£0 1L1L1£ 


23 TTl T T 23 Tl 1/" 1 £-3 TTl Tl ~Y TlT.T • 

— d 1LLLL£ — £dllJS.£0 1LLLa£ kj W f 




// MDR <= C 






mrj t = 3 rnpjr — 1 nar] p — 23, p = nw • 

1LLvA--L_ CL ILLiwi-L. _L_ W CL VA ^ - CL ^ - l^J Vv ^ 






// WAR <= SP=—2 RAM <= MDR (3 clocks) 






TTl 23 V C 1 TTl 23 V 23 V\ \S~ \ C-\ TTl 23 ~V~ /~\ 23 TTl 23 "K^ V~ 23 TTl TiiT 1 F (23t O rY3 ,J 

ILLd£ — o IUd£ — £dllK£0 ILld£ — £CJdU. Illd£ — £ dllL W££Lci b|J^C^I[LZ 


O T\ TTl "1 T\ • T< F T Tl Ti Tl • T* F T 1 

bp- L|Up ^ LLI1 — HUP/ CLI1 


—nop } 


"F^FpVi — "Fl ■ pF y~l = ] naH * 






ashrs : 






// MAR <= SP=+2, MDR <= RAM (3 clocks); 
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Version "E" 



tti a t o Tin a t ri V 1 tyi 3 > 1 p~\ 3 in p"! t ~v™ a m v -ci a pi 0 r~\ — Pi y~\ / • r -1 F v 1 — t~i / — \ t — \ • r~* t~ y~ 1 — y~\ r~\ y~\ * 

ILLd-L — 0 ILLcl-L — i_ d 1 1 IS. _L O ILLd-L — lUaU. ILLd J_ — J_ dILL -L tr CLU. op Lip Z. ^ U 1 L _L — 1 1 Up / till — 1 1 Ljp / 








»— 1 — V-\ p-> — "I 0 a p"^ — Vi "F 1 — T p^i a p~] a 1 n — a c h r alii — t~ a ri lr 1 m /H > a in Ht a ti lr 1 C~s m iH ~y V"iTaT • 

L- — U L> — XUcLLJ. J__L — U J__L — lUaU cL-LLi — d 0 1 1 -L ell U — i_ d 1 1 JS. -L O ILLLJ.-L — cL ILLld X. — i_ d 1 1 IS- _L LJ ILLlA-L — U\N f 




// MDR <= C 




mH T=:a TTlH-K----rl p. a, H p = =1 f-zKu • 
1LLLJ-X- CL 1 L LLa J_ ±WQU. » . CL » - Vv ^ 




// MAT? <■= Cp = -9 RAM <T= MDR / ? p7npt<?) 




TYI -rj ■> O TT1 3 T T^a Tl V 1 TYI 3 V ~| P a P~l TTl a T V 3 m T»T T 1 T" O O — PTTTI C C" — i"fl T T~\ • / — ' -|— -p™ n — r~l P~\T~l ■ pf rl 

I L Let J- — o 11 Let J_ — i_ dl 1 Jv _L O ILLd-L — lUaU. ILLd J_ — J_ ClILL W IlLc op LJILLZ. bU UUp^ U 1 L 1 IKJU ^ L- L- -L X 


—nop / 


"F F^F r , "h = "F 1 * pf r 1 r-:1 nnrj • 




rnl" p 1 q • 




// MAR <= SP=+2 MDR <= RAM (3 clocks) * 




tti a t- o m ^ t 2 ■pi V 1 tti a t 1 /~\ a pi tyi pi t "v~ a m v /™\ -~j c t~» — t~i 0 • pf t 1 — r~i t^i • s~* 4~ "v" H — r~i pr\ • 

IlLdl- — o nidi. — £dllK±0 ILld Jl — _L CJclU. I[LU.J_ — L dill JlfcrdU. bp^UpZ , LLI 1 — IlUp^ C L L 1. — L1U\~> f 








p^ 1 — p~* — 1 paH "FT — "F 1 — 1 n a pi a 1 n — "k^p^Fp^T 3 1 n — i^a m V 1 (-i m t a m pit panH £ m p-J -v V^TbT • 

— U L lUaU J__L — JJ J_-L — lUaU alU — I U L dXU. — J_dIlJS.XO ILLIJ. J_ d ILLU. J_ J_ dllis.± O ILLtJ. J_ — kJW f 




// MDR <= C 




mH 7- = p\ TriP.T-="| A3(-| p — p— Vm a 7 • 
1LLVJ.-L. CL 1LLU.J. ±WQU. ^ - CL ^ - i^J Vv ^ 




// MAR <= <ZP=—2 RAM <= MDR 11 nlnnki) 




TTl 3 T O TTl 3 1- T D Tl V 1 C~\ TTl ^ > \ (~~\ 3 Pi TTl 3 T V~ 3 1T1 T«T > IT" O T^ P"YTTl V O T> PT1 T T~\ " P~t +" "K~ 1 Tl PTl ■ P~" F >~ 1 

ILLd J- — o 11 Ld J- — J_dIlJS-XO ILLd-L — lUaU 11 Ld J_ — J- dILL W I 1 Lc O JJ — Lj^ILLZ. 4^r ^ ^ i- A. — 1 1 U / OLI1 


—nop } 


f r f^Fr , "h = "F1 * nF rl =1 n^r] • 




•y s~\ +- r~\ v~ O • 




// MAR <= SP=+2 MDR <= RAM (3 clocks) * 




TTl 3 T Q TTl ^3 T y~aTll<^T lr\ TTl a T 1 P^ ^1 P~] TTl P^ T >" rr~\ y~ O a P~l C" T~i — p-1 r~l O • pf yl — Ti P~i T~l • p~" F T** 1 — T~l P~lT~l • 

ILLd-L — O ILLd-L — J_dIIJS._LU ILLd-L — lUaU II Ltd J_ — J_ dILL J_ ccLU op Up *L f LLI1 — IIU]J/ ULI 1 — LKJ^J f 








P^ — p~" — 1 Pi 3 H "F"l — V"\ "F 1 — "1 p>i a H alii — T~P"'i"Fp~'T~ 3 1 11 — r~a Tl V 1 (-i TYI P"] T a TTl P^T "K~aTll/"'l ^ TTl (H T V^iTjiT • 

O — U L lUaU -I L — U J__L _LCJd'd d-LLl — JLLJL-L-.-L dXU. — J_dIIJS.XCJ ILLld-L — d IlUdJ. — J_dIIIS-± U ILHd J_ — U W f 




// MDR <= C 




mH t— 3 ttiHt~— 1 nsH p" — 3 p=hw 

1LLL-L-L CL 1LLLJ.-L ±WQU. ^ - CL ^ - W ^ 




// MAR <= Qp=— P RAM <r= MDR cl on Ires ) 




ILld-L — o IlLd-L — -LdllK-LO ILLd-L ~_LCJdU. IlLd-L — L dILL WIlLc oU — CJnLZ ojJ — LjUP; C L Jl _L — HUP/ C L Jl X 


—nop } 


f r F i Fr , "h = "F1 * r , 'l~Tl=1r)3r]* 

J_C;L.^ll J- J- f K^- ' L_l_ ± U CI La / 




t~ p"iF "1 c: * 

IUI L O ■ 




// MAR <= SP=+2 MDR <= RAM (3 clocks) * 




TTl a T Q TTl ^3 T T~aTll<'"1 lr\ TTl a T 1 P"\ ^1 H TTl P^ T T~ "3 TTl TQaH C* K1 — H Y~\ • P^ F T~ 1 — Tl P~i T~l • p~" F T~ H — T~l PlPi • 

ILLd-L o ILLd -L — -LdIIJS._LU ILLd-L — lUaU II Ltd J_ — J_ dILL J_ ccLU O k- 1 — Llk-* Z.^ L- 1 L_L — IlUkJ/ U L L 1 IKjp / 








p~* — p~» — 1 a a H FT — V^i Fl — 1 paH a 1 n — t~p^FT alii — "ra n V 1 ^ m r~\ y a tti r~\ t y~"iTil/"'l C~\ tti c\ ~y V~it*t • 

O — U L> — lUaU J__L — U J__L — XQJdLJ. ulU — -LL>l L alU — J_dIlJV-LO ILKd-L — d IlLd-L — J_dIIlS--LCJ JILUL JJW / 




// MDR <= C 




ttiHt~ = 3 mH'r~ — 1 pari p — a p — Fitj • 

1LLLJ.-L CL 1LLLJ..L XUCLU. L^ CL l~J W f 




// MAR <= <ZP=—2 RAM <= MDR 11 nlnnki) 




TYI a T O TTl 3 T V a T~l \S~ \ C~\ TTl a > 1 P~\ "3 Pi TTl a T >~ a TTl T«T > 1 F d O ~t~\ PI" TTl y O ~Y~\ P~f 1 ~\ ~Y~\ • P"< F T~ J T~l P~\T~1 • P~" F >~ 1 

ILLd-L — O II Ld -L — -LdllJS-XvJ ILLd-L — lUaU ILLd J_ — J_ dILL W L 1 Lt. O VJ L-HLLZ. op — t)Up^ L- 1 L_L — il'OVJ f UL-il 


=nop ; 


f r F i Fr , "h = "F1 * pf r 1 =1 pap] • 

J- C L 1^11 J- J- f 1 L_L ± U Q La f 




1TO t IT S ■ 




// MAR <= 9P=+2 MDR <= RAM (1 clock**) * 




m-ay-— o TTi^T~ _ =r~^'nV1(-i ma r=l oar) mplr— ram TPiaH on — Hri9 • pf rl =np,n • pf rl =npn • 

ILLCL-L O ILLCL-L -LCl11JS._LLJ ILLCt-L _LL^CL LA 1 1 LLJ. -L -LCllLL 1 CQ LX O p LAp ^ ^ L^l L_L 11 L-*p / L^ I L _L 11 L^p f 




// C <= rotr(A) (FL updated) 




c=b c^load fl=b fl=load alu^rotr alu=rankl6 mdr-a mdr^rankl6 mdr=bw; 
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// MDR <= C 












mH t— ^ rnH'r~=l pi^H c = ^ p=hw 

LLLUJ.-L- CI 1LI\_J.J_ ± vO.Lt » . CL U- .kj Vv ^ 












// MAR <— CP— — 9 DflM <•— MDR / ? r>7nr*lrc) 












ILLcl J- — 0 lLLc4.J_ J_ClIlJS.XO ILLcl J_ — lUaU iLLct J_ — J_ ClILL W I 1 Lc O p — L^ILL-l. 


sp — 


qup; 


Lv u. J. _L 


— t~i p^t"> • /"> T" y* 1 — n p r~i • 

— IlLJp/ uLI 1 — I1Lj|J^ 




f r P>1~fl"i = f : 1 * pf r 1 =1 naH • 

J_ _L ^ L-l L_L 1UQ La ^ 










CL LLLl ( 


3 C! • 
JO. 












// MAR <= XXCp MDR <= RAM (9 r> 7 nnlc c: ) • 












TTl 3 > O TVl 3 T y 3 Ti V W TTl 3 T 1 23 H TY1 H 7 v~ 23 TTI T__ 3 H O T"\ — H T™1 J * 

ILLct J- — O ILLcl J- — J_ a. 1 1 JS. O ILLclJ- — J_ LJ a. LJ. ILLLJ. J_ — J_ ClILL J_ t: ClLJ. 0 VJ — \Jl\J J. ^ 


ULI 1 


—nop } 








// A <= MDR • 












~i — -~i a — "1 p,3f| mH? 3 TTiHr' — t~^tiV 1 ^ mH r^hw • 

CL d CL _L.LJCl.LJ. ILLLJ. J_ CL 1LLLJ.J- — __ Cl 1 1 JV J_ L) 1 L LkJ. J_ kj W f 












// MAR <= MDR <"= RAM /P r> 7 r>r»Jr <? ) • 












TT1 3 T C" TTl 3 T T3 Tl V P TTl ^3. T 1 A2H TTl f~\ 7 T~ ^3 TTl ?~ £_) ;3 H C; T3 — H V3 1 • 

ILLclJ- — 0 ILLclJ- — J_ cl 1 1 JS. O ILLct J_ — _l_ LJ a. LJ. ILLLJ. J_ — J_ ClILL J_ t; CL LI 0 JkJ — LJ.LJ -L. f 


r-t- -r 1 
ULI 1 


—nop } 








// B <= MDR • 












V"\ "21 V~l 1 /~ 1 23 H TTl H T- 23 TTl /"] "V- ~Y~ 23 T3 1" Qn TTl H 7 V~lT.T • 

-D-d JO— -LOcLLl IUU.X — d ILlLlJl — XdllKOLl I LLC_1 J_ — JOW f 












// C <= A-f-R ("FT. nnHat- ) 












= V^i f-^l Piarl "F 1 — h fl _=1 narl ^ilin — 21HHP a 1 n — ranV R11 23 — 

L> -LLJCLLJ. J L kj J L -L\JCHJL CL — - Li CLUJ.LJ.O CL _L _ Ui J_ CL 1 1 JV O Ul CL 


23 23 — 

Cl CL — 


V"l TaT \~\ — 
kj W kj — 


kj kj 


JJW ^ 




// MDR <= C 












TTiHr-— 23 ttiHt-_=1 f~)^H C — ^ C—Y^iVJ ' 
ILLLLJ- CL J.LLV—4. JL, J-UCLUl. ^ - CL L U VV f 












/ / MAR <— CD RAM <— MTiJ? / 9 /-» 7 rsr*V *z ) 












TTl 3 T O TTl 3 T T 2 Tl V 1 f-i TTl 3 > 1 C~ \ 23 H TTl 3 T ~Y™ 3 TTl T«T V 1 T" __ O Y~\ (~^TT\ \ 

ILLcl J- — o ILLcl J_ J_cII1j\.± O ILLcl J_ — J_ U ClLJ. ILLcl J_ — J_ ClILL W J_ J_ L. t, O JJ — Lj^ILL J_ 




qup ; 


Lv u. J. _L 


—nop } 




"Fp'hphi — "F1 * pf r 1 --1 naH ■ 

J_ _. U ± ± J_ _l_ j V L- — - — - _i_ \J CL VJ. ^ 










s ujd 1 


JO. 












// MAR <= MDR <= RAM r» 7 oz-'t <: ) • 












TTl 2i "k O TTl 3 T T^;3T"lli'"P > TTl 23 "k 1 /~i 23 H TTl H T "y~ 23 TTl TDsH C; T~l — H T~i 1 • 

ILLcl J- — o ILLcl J- — J_cII1j\.0 ILLctJ- J-UclUL ILLLIJ- — J_ ClILL J_ t: ci LI o \~> — \J-\J A. f 


ULI 1 


—nop } 








// A <= MDR • 












3 — ^3. ^3 — 1 ria H in r\ ~v 23 Tn H> Ta n V 1 ^ tti H > V~it«t * 

CL — ^o. Cl J-LJClLI ILLLA J- — CL 1LLLJ. J_ — J_ Clll-S-J- O ILLLJ. J_ — U W f 












// MAR <= MDR <= RAM /'P r» 7 r>_-»fr <: ) • 












TTl 3 > O TTl 3 T T3 Tl V Q TTl ^ T 1 ^3. H TTl H? V ^3 TTl y- C- 23 H Q T~\ — H T~i 1 • 

ILLcl J- o ILLcl J_ — J.clIIJS.0 ILLclJ. — J_LJcILa 1LLLA J_ — J_ ClILL J_ t: CL Li o KJ — LJ-jLJ ± ^ 


ULI 1 


—nop } 








// B <= MDR ' 












— 23 V> — 1 n a H tti H ? 23 tti H> T3 nV Qin Tn H > k^\t«t * 

kj — Cl U J-LJClLJ. ILLLJ. J- — CL 1LLL1J- — J_ Clll-S-O Ul ILLLJ. J_ — U W f 
























Lv — U L> — J_LJCLLJ. J L — JJ J_J_ — -LLJclLJ. CLJ-U. — OULJJO CtJ_LL — J_clIl-\.Oul CL — 


cl cl ~ 


b w lo = 


"h bi — 
kj kj — 


Low ; 




// MDR <= C 












TTiHr- — 3 tti H >~ _= 1 r~i^H C = P\ C=Y^iW * 

LLLvJ.J_ Cl 1LLU.1. J-UCLUL ^ - CL L XJ Vv f 












// MAT} < — CD qju < — MT)J} -7n-tel 












mar=s mar=rankl6 mar=load mar=ram_write sp=qml 




qup; 


Lv u. J. _L 


=nop; 




fetch=fl; ctrl=load; 










add8cs : 












// MAR <= ++SP, MDR <= RAM (2 clocks) ; 












mar=s mar=rank8 mar=load mdr=ram_read sp=dpl; 


ULI 1 


—nop } 








// A <= MDR; 












a=a a=load mdr=a mdr=rankl6 mdr=bw; 












// WAR <= ++SP, MDR <= RAM (2 clocks) ; 
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tyi aa t o Tin aa t ranVfi tyi 3 t 1 3 t*^ tyi i"H > ~y~ :as tyi y Ci 3 H o v~i — y~~\ i ■ o F~ t~ 1 

ILLcl J_ — o ILLcl J- — i_ cLL L JS. O ILLcL i_ — lUuU LLLLAi- J_ cLL LL J_ t: ct LI o — LJ.jJ -L f till 


— nop / 








// B <= MDR ' 










U — d U — -LCJcLQ. IUU.X — d I Lid Jl — I dIlJs.O U ILLU.£ — JJW f 










/ / I— ^ — rt.T\DXC.Cl.£ X_y (TL U£JHa L» crCl/ 










/-~> — V~i — 1 A^rl "Fl — Vs "F 1 — T /"S aa i~] a 1 n — aa /H i~] Q r'"* a 1 ii — ri V Pi l 3 — aa aa 
L- — U L- — X U CLLJ. J__L — U J_ _L — X U CiLJ. Ct J_ U. — cLU.LJ.00 cL_LU. i-CLiLJS.OU. Ct — cL cL 


■ — JDW JL 


— "h bi 


— JDW } 




// MDR <= C 










rr\r\ t = p\ rnH-K-— ] piaaH c = p\ C= hw ' 

lll^L-L. CL 1 L l^_A. J_ ± » - Ct I . l^J Vv ^ 










// MAT? <"= CD PAM <= MDR /P r»?npt<!) 










tti 3 y o tyi 3 t v ^ t~i li~ \ C-\ tyi ^ t 1 3 <*S m ;a t >" 3 m t«t t — it - __i o — nrn 1 o t"n — 

LLLcL-L — o LLLcL J_ — i_cLLL.IS.-L-U LLLcLi- — _L U CLL-L LILcL J_ — i. cLLLl W i_ _L L_ o \J — LULL _l_ o \J — 


qup; 


nfrl 
LLI1 


=nop; 




J-C J- J- f ' L_L lUu VA f 










c 1 1 ]"s Q Vs c • 
o UJ-J OJJ o . 










// MAT? <= MDT? -<r= PAM r» 7 nr>1r<z ) • 










m aa t o tyi ^ t ranV P tyi 3 t 1 ^ r~\ tyi <H > y~ ^ tyi t~ o ^ <H c; ts — /H ts 1 • o +" "k~ 1 

LLLct X. — o LLLcL J_ — i.cLLLJS.0 LLlcLi. — -LUcLUL LLLLAi. i. di L L J_ t: CL LJ. O \-J — LJ.jJ J. f LLii 


~nop / 








// A <= MDT? • 










3 = a = l pi a H tyiiHt~ = ^i tyi/H t™— ^ n V 1 tyiH t~— r~iT«T • 

Ct CL Ct -LL^CLLJ. LLLLJ.i_ Ct LLLLli- i_CLLLJS.J_U LLLLli- kJVVf 










// MAT? <= MDT? <= T?AM /"P r> 7 nr>]c<z ) - 










tyi d t o tyi ^ t ranV P tyi 3 t 1 ps ca yyi r~\ > y~ ^ tyi d ^> <H c; ts — /H ts 1 ■ o t~ ~v~ 1 

LLLct i_ — o LLLcL J_ — i_cLLLJS.O LLLcti- — -LUcLUL LLLLAi. i_ cLL LL i_ t: cL KX o — -i. ^ LLii 


~nop } 








// B <= MDT? • 










D — d JL) — XCJciU. IUU.X — ci LLlClil — I dllKO U LLLU.£ — JJW f 










/ / C 21 R hnr rnw /ITT. nrtHzz i~ ) 










/-~> — Vs p> — 1 ^ 2 H "Fl — Vs F^ 1 — 1 Aa H calin — c;ii Vs Q Vs ^jTii — T~an V Pn 3 — a 

L- — JJ O — XUcLLJ. J__L — U J__L — XLJClLl CL-LU. — 0 U.JJOJJ al U I CLIIJVO U Ct — cL cL 


—JDW JL 








// MDR <= C 










tyiH t— ^1 ttiHt^I dp\r\ p — p\ f-hw 










// MAP CD PAM <— MHP / 9 p7or>tc) 










tyi 3 y 0 tyi 3 t y Ti V 1 C--1 tyi ^ > 1 (~~\ 3 m d t 3 tyi t«t > — 1 F 0 — pttyi i 0 t^i — 

LLLcL i_ — 0 LLLcL J_ — i_cLLLJS.i_U LLLcLi- — -LUcLLJ. LLLcL J_ — i_ cLLLL W I 1 Lc 0 \J — LJJLLL i. Ok-' — 


qup ; 




=nop; 




"F p"h = "F 1 ■ c\~r~\=~\c)?\c\* 










loILOlo . 










// MAT? <= ++SP MDT? <= RAM (2 clacks) ' 










tyi d t o tyi d t ranV P tyi a t 1 r\ ca yyi r\ > y~ ^ tyi y~ o ^ <H c; ts — /H y~i 1 • pf r 1 

LLLct i_ — o LLLcL J_ — i_cLLLJS.O LLLcti- — -LUclUL LLLLAi- i_ cLL LL i_ t: Ci LI O \J — \X\J -L f LLil 


~nop } 








// C* <= 7 <zhRl /A) {FT. nnHat- t=>H) 

/ / l— ^ — _L Oil O _L |A/ (I il UyUdLcU/ 










/-~> — Vs — 1 a a H "F "I — Vs F^ 1 — H/^aaiH aalin — ~\ c;r~iQT aaTii — "K~aaT~ilrQii tyi r\ ~y aa 

O — U O — XUcLLJ. J__L — U J_-L — J-LJClLJ. Ct-LU. — 1 bILO 1 Cl-LU — i_cLLLJS.OU i L LLJ. -T_ — ct 


rn.ci.2r— 


it an k 


2 1 n TYI r\ T~ 

O U. LLLLAJ- 


— JDW ^ 


// MDR <= C 










mdr=a mdr=load c=a c=bw; 










// MAR <= — SP, RAM <= MDR (2 clocks) 










mar=s mar=rank8 mar=load mar=ram_write sp=qml sp=qup; ctrl= 


nop } 




fetch=fl; ctrl=load; 










lsh8rs : 










// MAR <= ++SP, MDR <= RAM (2 clocks) ; 










mar=s mar=rank8 mar=load mdr=ram_read sp=dpl; Ctrl 


=nop; 








// C <= lsh8r(A) (FL updated) 










c=b c=load fl=b fl=load alu=lsh8r alu=rank8u mdr=a 


mdr= 


rank 


*^ 1 1 TC\c\y~ 
J U. LL LU. J_ 




// MDR <= C 










mdr=a mdr=load c=a c=bw; 











Version "E" 



1047 



// MAR <= — SP, RAM <= MDR (2 clocks) 

mar=s mar=rank8 mar=load mar=ram_write sp=qml sp=qup; ctrl=nop; 
fetch=fl; ctrl=load; 
ash81s : 

// MAR <= ++SP, MDR <= RAM (2 clocks) ; 

mar=s mar=rank8 mar=load mdr=ram_read sp=dpl; ctrl=nop; 
// C <= ash81 (A) (FL updated) 

c=b c=load fl=b fl=load alu=ash81 alu=rank8u mdr=a mdr=rank8u mdr=bw; 
// MDR <= C 

mdr=a mdr=load c=a c=bw; 

// WAR <= — SP, RAM <= MDR (2 clocks) 

mar=s mar=rank8 mar=load mar=ram_write sp=qml sp=qup; ctrl=nop; 
fetch=fl; ctrl=load; 
ash8rs : 

// MAR <= ++SP, MDR <= RAM (2 clocks) ; 

mar=s mar=rank8 mar=load mdr=ram_read sp=dpl; ctrl=nop; 
// C <= ash8r(A) (FL updated) 

c=b c=load fl=b fl=load alu=ash8r alu=rank8u mdr=a mdr=rank8u mdr=bw; 
// MDR <= C 

mdr=a mdr=load c=a c=bw; 

// MAR <= — SP, RAM <= MDR (2 clocks) 

mar=s mar=rank8 mar=load mar=ram_write sp=qml sp=qup; ctrl=nop; 
fetch=fl; ctrl=load; 
rot8cls : 

// MAR <= ++SP, MDR <= RAM (2 clocks) ; 

mar=s mar=rank8 mar=load mdr=ram_read sp=dpl; ctrl=nop; 
// C <= rot8cl (A) (FL updated) 

c=b c=load fl=b fl=load alu=rot8cl alu=rank8u mdr=a mdr=rank8u mdr=bw; 
// MDR <= C 

mdr=a mdr=load c=a c=bw; 

// MAR <= — SP, RAM <= MDR (2 clocks) 

mar=s mar=rank8 mar=load mar=ram_write sp=qml sp=qup; ctrl=nop; 
fetch=fl; ctrl=load; 
rot8crs : 

// MAR <= ++SP, MDR <= RAM (2 clocks); 

mar=s mar=rank8 mar=load mdr=ram_read sp=dpl; ctrl=nop; 
// C <= rot8cr(A) (FL updated) 

c=b c=load fl=b fl=load alu=rot8cr alu=rank8u mdr=a mdr=rank8u mdr=bw; 
// MDR <= C 

mdr=a mdr=load c=a c=bw; 

// MAR <= — SP, RAM <= MDR (2 clocks) 

mar=s mar=rank8 mar=load mar=ram_write sp=qml sp=qup; ctrl=nop; 
fetch=fl; ctrl=load; 
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r~r\f- PI q • 






// MAR <= ++SP MDR <= RAM (2 clocks) ' 






ILLd.1- — o llLct-L — XctllK-O IIlcLX — XOctCJL ILlklX — Idlll IcaU o|_> — U.kJ X r CLI 1 — llkJkJ/ 






// H <— rnf P 7 /A) /FT. nnHa-h^H ) 






k> — U L- — lUaU. J L — kj J__l_ — X (J ClkJ. ct X LI — LUL O 1 a± U — X ct 1 1 JS- O LI ILLkXX — ci ILLkXX — X cLIlJvO U 


TlTLCl XT — 


jDW } 


// MDR <= C 






mH t— =i rnH-K-— 1 paH P — 3 n-hw 

lll^-L-L CL 1 L 1^_A J_ ± » . CL I . Vv ^ 






// MAR <= <7P RAM <= MDR (2 clock'!) 






tti 3 y o tti 3 t y 3 Ti V W tti 3 y 1 a H m a > t~ 3 tti t.t ~y — i F _a o v> — nrn 1 o t~\ — /~ri i t~\ * pi- t 1 — y~n /-^, y 

ILLct X — o ILLcl-L — X ci 1 1 JS- O ILLct X — X k-> Ci kJ. ILLct X X cilLL W i 1 Lc ok-" — kJILLX oU — kJ LI k-* j O U X X — IlUk. 






J-C J- J- f ' L_L ±vu VA ^ 






"K~ r~\ "\~ T~ C! • 






// MAR <= ++SP MDR <= RAM (2 clocks) ' 

/ / 1 i/Ti\ ^ l 1 kJC f All /1\ lull i ^ A L'^L'L'JVO y ^ 






ILlcl -L — o 11 La. J- — J_a.IlJS.O ILLcL-L — J-LJclU. 1LLL1J_ — J_ O.ILL J_ c: a. LI op Up A. f till — L1\J^J f 






// C <— mi-RrfA) SWT. nnria-h&ri) 

/ / C ^- — lULOX ( jri / (fli UpOd ttrCI/ 






/-~> — V-\ ^> — 1 Ai2rl "Fl — V^i F 1 — 1 a a H aln — t~i^FQt~ a 1 n — Tan V Pn in c\ ~y a tti r\ t y~ 3 n V Q 1 n 

L> — U O — lUaU. J L — kj J__L — lUuU al U — IULOI a± U — J_clIlJS-OU ILLd J_ — a. ILLU.1. — J_ cLIlJvO U. 






// MDR <= C 






mHr-a TinHr-— 1 Dp\r\ p — 3 p — hw* 






// MAR <= SP RAM <= MDR (2 clocks) 

/ / l lTli V ^ itJC f lull J ^ 11 1 /1\ ^ L> J- ^/^>A 0 y 






TTl 3 y O TTI 3 T V~ 3 T~l L' - >< TTl 3 T- 1 f~\ TTI 3 > V TTI T.T T 1 F iCi O T^i OTTTl "1 O T*\ (Tl 1 T~\ * /~i "f - "K~ \ v~i /-^, 

ILLCL J_ — o ILLcl J- — J_ClIlJS-0 ILlCLl- — -LL-JcitJ. ILLci-L — -L ClILL W I 1 Lc Ok-' — kJILL-L ok-* — M^M^ till — IlkJk- 






J- C L-Ull J- J- f ' L_L ± U G VA / 






OaoLb UIlo . 






// MAR <= SP MDR <= RAM (2 clocks) : 






TTl a T C! TTI a T T a Tl V P TTl 3 T 1 f~\ ^3 ^ TTl r\ > "K~ a TTI TDaH 1 (^F"P~1 — T~l i^T^l ■ 

ILLCL J_ — o ILLcl J- — J_ClIlJS.O iLLCL-L — J-LJClkJ. 1 L LkJ. J_ — J_ ClILL J_ t-CLkJ-^ OLI1 — I1U]--'/ 






// C <= MDR (FL undated ) 






— V~i f=1 a^H F^l^Vi f"1 =1 ria H a 1 n — a 1 n^ranVPn Tn H t~ — a mHr— rsnVI (-i ttiHt~ — 

t_- — k^ — -LkJCLkJ. J L — U J L — _L kJ Cl kJ. CL _L ki — Ct Cll U — I_ Cl 1 1 -IS. 0 U ILLkli- CL lLLkJ.-L J_CllliS.-LU lLLkJ.J- 


kJ W f 




// A!AR <= SP RAM <= MDR (3 clocks) 






TTl ^1 T O TTI 3 T T3 TlV 1 ^ TTl 3 T 1 ^3 (H TTI 3 T >- tyi TaT > 1 f O AT - r 1 — Tli^ T~> • r 1 — Tl/^i T~l * 

ILLct J_ — o ILLcl J- — J_ClIlJS.±k) ILLCL-L -L-kJcikJ. ILLcl J_ J_ ClILL W I 1 UC kill — iLKjKJ f kill — IlkJJJ^ 






J- C- k kll J- J- f k--' L_L _LkJCL kA / 






c a c; F c; on rr • 
kdoLo oXy . 






// MAR <= SP MDR <= RAM (2 clocks) ' 

/ / 1 Aa V ± j 1 ^ lull J | A* L«X wL^JVw y ^ 






tti ay c; tti a t t a Ti V P tti a t H a r\ tti <H > >~ o rn TDaH ■ i^Ft^I — t~i r~\ r~\ • 

ILLcl X. — o ILLcl J_ — J_ciIIJS.O ILLclJ- — -LkJcikJ. ILLkJ. J_ — -L ClILL J_ trcikJ.^ kill — IlkJjJ/ 






// C <= MDR (FL uxoda. t ed J 






= V>i r-=l naH -f 1 — K F 1 — 1 H a 1 n — a al n — ranVpQ tti H t~ — a ttiHt~ — ran V 1 ttiHt~ — 

O — U k> -LkJCLk-l J L — kj J L — _L kJ Ct kJ. CL _L LL — Ct al U — J_CllIJVOo ILLkli- CL ILLkJ.-L J_ CL 1 1 TV _L kJ lLLkJ.J- 


Vl Ta7 * 
kj W f 




// MAT? <= QP RAM <■= \fDR / ? r»7r>r»fe-<? ) 

// i'XOA *JC f XVrxi J ^» ~~" VILJIK | J LlUkA,0 / 






tti a T o tti a t t a nV 1 m a y 1 a tti a t v a tti t«t > — i F ta F v~ 1 — t~i i^t~i • r'' F t~ 1 — ti r*^, t~i • 

ILLclJ- — o ILLclJ- — J_ciIIJS.±U ILLciI- — -LkJclkJ. ILLcli- — J- ClILL W I 1 L C kLI i — IlkJL-*^ ULI 1 — ii\J\J f 






"Fp s Fr , Vi = f r 1 ■ pt" t~ 1 =1 o^fi * 

J- C kUll J- J- f k--l L_L _LkJCL kJ. f 






pal 1 • 






// MAT? <= T>C4-=9 MD7? <= RAM ( ? p?npt<:) • 






tti a > y~\ tti a t v a t~i L' - 1 ^> tti a > 1 i"\ a r~< — t^ s tti > y a m tci a H ■ o F v* 1 — ti r\v~\ ■ o F v 1 - 

ILLct X. — YJ ILLcl J- — J_ClIIJS.±k) ILLcU- J-kJcikJ. \J O kJ.]J ILLkli. J- ClILL J_ tTClkJ.^ k 1 L_L — IlkJjJ/ k-L_J__L — 


nop } 




// TM\D <— MDR 






FnTPi — a F tttp)— 1 naH mH r~ — a rnrlr—TanV 1 £~i ttiH r~— F~iTa7 • 

k, 1 L L kJ CL U I L L k^ IkQ kX I L LkJ. J_ Ct 1 L Lk-L J- -LCtJ.IJN._Lk' 1L LkJ. JL J^ W f 






// MDR <= PC 






mdr=a mdr=load pc=a pc=bw; 
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// MAR <= Qp— _ 9 RAM <= MDR (1 <~ 7 nrlf<! ) 








m pi t = q TYi^i^^T^nVlf"! Tn^r~=lr~)PiH m pi t~ = t ^ m wr~ "i 1~ o -pj = rrm 

ILL CL -L- O ILL CI -L- -L- CI 1 1 -TV J_ kJ ILL CI J_ _L \J CI k-L 1 L L CI -1- -L- CI ILL Vv J_ _l_ 1 <3 Ok-' v-1 1 L L 


c- -pi = m in ■ 

lr k^CLJ--' ^ 


p-H p 1 =n ptpi • ft rl 


—nop } 


/ / T>C <= TMP 

/ / XT U ^ ~ J. VI c 








tJU — Ct Mu lUaU LULL 1 CL L-ILLj-J — UW r 








F ol" ph — "F 1 ■ p t~ t~1 — 1 p. □ H * 

1 C L Ull J — L f L/ I L — L — ±UuU/ 








C 3. 1 1 1 * 








// MDR <= PC 








l L Lk-i. J_ CL 1 L LkA J_ XUCLvL f— ' k- CI k-" i~J VV ^ 








// MAJ? <= SP=-2 RAM <= MDR (3 clocks) 








tyi y = q m ar— ranVl ^ tyi 3 t 1 o pi <H tti 3 t~ — t~ pi tti Tat t — i I - o q pi : — pttyi V 

ILLCl-L — O ILLCl-L — I d.llJS.1 U ILLCt J_ _L U Ct kJ. ILLCt J_ -L ClILL W I 1 L.C O^- 1 k^lLLZ, 


on" PT1TP~1 * 
0^ k-[UJ-J ^ 


pf rl =nnn * p-H rl 
Ul — L_l_ 11U|~J/ 


— p pipi * 

1 1 KJ\~> f 


// PC <= T 








p* p> = ri pip^l r~tp}H "i — ^ "i — 1~iTa7 • 

U Ct O _l_ U Ct La _L Ct _L i-J W ^ 








■f r o"hr~'l^ — "F1 ■ P 1 t~ r~ 1 = "| pi n p] * 

J_ L_ U 1 1 J — L ^ L — L — X U 1 CtUl / 








C 3. 1 1 J I 








// MDR <= PC 








mHr-3 mHr-l nr- = 3 pi p< — V^t.t ■ 

1LLU.-I- Ct 1LLULJ_ _L U CL U. t~> U Ct k-' U .U> W f 








// MAR <= SP=-2 RAM <= MDR (3 clocks) 








rna r=q TYi;3r=r;37~|V'|(--i TTl^T"=lriPlH TTl Pi T~ = T ^ TTI W Y~ 1 t" O "pj = prrn 
ILL CL J_ O ILL CL -1- J_ Ct 1 1 -TV J_ \J ILL Ct -L -L W Ct k-L J. L L Ct J_ J_ Ct ILL Vv J_ _L 1 <3 Ok- 1 va 1 L L 


op) — pr i in • 


cf- p 1 =n ptpi • nf r 1 

Ul L _L 11 UM / U I 1 L 


—nop } 


// PC <— J 








— ct pt lUaU J — ct J JJW, 








f r f^'hr , "h = "F1 ■ r , 1 - Tl=1(~)Pt<'i* 

J- C L Oil J- J- f K^- ' L_L lUu La f 








1 C L Ul 11 ■ 








// MAR <= QP=+P MDU <= RAM ( ? r> 7 r>r*1e<z ) * 








m o >" — q TTiP3'K~=T^3'nV1(--i Tnpi7"=lpiPiH m H t~— t~ pi tti r 03 H on — Hti9 • 

ILLCL-L O lLLCt-L J_CtllJVXU ILLCt-L -Lk-'CtkJ. lLLkJ.J_ J_ CtlLL J_ t; CLk-t O \J Z, ^ 


p'T"T"l — nnn 

Ul — L _L — llk->|~J 


• pf rl — nrin • 
/ ULI 1 Ll\J^Jf 












■pot" pIa — "F1 c; n — 3 c; t~> — 1 r\ a H tyi ^ t ps m r\ y n V 1 m <H t V~iTrT • 

IcLUIl J L oj-J — Ct ok-* — -LUctkA ILLLX J_ — ct ILlk-l J_ — J_ ctllJV-L k) 1UL1X — U W ^ 








("""h T 1 =1 OPlH • 

L/l L _L 1UQ kJ. ^ 








IV 1 L . 








// MAT? <= PC4-=9 MDR <= RAM ( ? p7npt<:) * 








TT1P1T"=T*1 TYlPl'K~='K~3TlV1(--i 1713 T=1 O^H nP— Hn9 TYlfH "T" — Y~ P! TYI "K"03H* 
ILLCL-L ILLCt-L — J_CtllJS-XkJ ILLCti. — -LkJCtkJ. M ^ kJ-^-J Z ILLkA-L J_ CtlLL J_ C Ct kJ. ^ 


p*t~ v 1 — nnn 

k- 1 L X — llLJkJ 


• pf rl — PiPiPi* 
/ ULI 1 Ll\J^Jf 




// TV7 1 <■= MDR 

/ / XVI ^ - X JX-^Xv 








"F -I - /-^i — -r l -i t r+- — 1 /"\ rvi -v^ — — * m /—J -v- — -v^ — i v^* It- A yvi >— — T™v t.t ■ 

ietull — L± 1VL — AOclQ. I11Q]_ — d niQJ_ — idllKl 0 IUCLJ- — &w f 








Ol — LA 1 UClUj 








int : 








// 








// nnah VT. 








/ / 








// MDJ? <= Fi 








TYlH? P3 TYiHt~— li^iPlH ^1—3 "Fl — 

ILLkJ-i- Ct ILLkXl. — -LkJClkJ. J L Ct J L UW f 








/ / MAR <= QP=— 9 RAM <= MDR r>l rtr>1c<s ) 








mar=s mar=rankl6 mar=load mar=ram_write sp=qm2 


sp=qup; 


c\~ T~ 1 =v\ Pir~i * 

Ul — 1 — L 11U|J / 




// 








// Reset interrupt enable flag (while the MEM module is 


working) . 
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/ / 




"F 1 =V^ f 1 =1 n^H al n = pl pari • 




// 




/ / nn c h /P^"* J- 7 1 /-\ Tjimn nwo t™ f ho i n^o rninf a T"/T7 7mor» T" 

/ / £J UOJi ( XT t_ f _L / C- C _y LUltfcJ UVCX Liit? Xii L. fcrX X Ll£s L. & X y (XfllCrli L- . 




/ / 




// MDJ? <= PC+1 




mdr=a mdr=load pc=a pc=qpl pc=bw; 




// WflJ? <= SP=-2, RAM <= MDR (3 clocks) 




mar=s mar=rankl6 mar=load mar=ram_write sp=qm2 sp=qup; ctrl=nop; 


/ / 




/ / /^nnWO T"*T^ ho l f)^ O T" T"l 7 f"\ T~ 7 7TTlho T" T"/^TT7 h « T"/T7 7fflfl 71 tV /•> ho 

/ / LUIi vex L- Uiifcr liiLcrXX U/JL ii Ui/£JL>c?X X X Ci/t l~ J J cr CXX y Uilicrli C ^ C O L Jicr 




/ / 7* n^o> T"T"T7n^ (~*^ nr f ah?o i t^ott? WW ?~o • 

/ / XiiLCll U£-S L» VCL.L l/X L- uJJ _L CT X C- Cill dUUX CdO • 




/ / J. VIST ^» — XVI [Xiil. J | X ii L. XvriX v i [ £ L< J 








// MAP "PC 4- 4- MDP RAM /2 r7nrtc) • 




in a t~ — m a r~ ranVl ^ tyi a t~ — 1 oa H r^i o — /H r^ 1 m y~ — t~ 3 in ro a H 1 i" 1 1 - t~ 1 — r~i i^t^i ■ 

ILLCl-L f-J ILLCt-L J_ Ct 1 1 JV J_ U ILLCt-L _L LJ Ct LJ. LJ.^J _L ILLdJ. J_ CtlLL J_ trJ Cl ^ U 1 [ L 11U|J / 




// IMjt <— X VI / xJiC J 




"H TnT"! — ^5 "t - TT1T~1 — 1 /"l 3 /H i T7t" — T T~l I - V~\ "1 T7'l" — V^iTaT TTl /H V V~\ TYI Hi r a Tl V P» 1 1 TT) > V~lW • 

L1LLLJ — cL iVlVJ — _L vJ CjlVJl X V L. — XII L. U _L V L- — W ILLU. J_ — kj 1LLLJ. J_ — J_ CHIJVO U J_ U\N f 








// rxcpdxc LU Call toiler Xiiuex x upu XUULlJic^ xUdux/ii/ Liitr 




/ / 7 riT^O T"T"T77/^7 V TTO^T^ O T~ f flh 7o 7 T^OTT? 3 WW T"*0 O 7 flT^ O Pf"* 
/ / XiiLCXX L* VCL.L l/X L, dJL/X X C- Cill CIUUX COO XiiLU XT Vw- . 




/ / 




// A/f fl D < — TNTD MHP < — D3M / ? /-«7nr«Ircl * 
/ / I 1 2rU\ ^ — IJXLtr r 1 V 1L/I\ ^ — xvriiyj ( J CxOCao / ^ 




ma.r=t nicii? = ir6.nkl 6 iriciic=locid. mciir— rcim rsa.d.; Ctrl— nop; ctirl— nop; 




// pr* mdp • 




1c 1 pC — d UL — l(Ja(i I[LU.J_ — d IILU.£ — J_dilK±D IUU.X — JJW r 




ILL 








// 




/ / ir Op lr\* 








// MAT} < — cp-iO vfnp < — RAM / ? 7 r>/-> > c ) • 




mar=s mar=rankl6 mar=load mdr=ram_read sp=dp2 ; ctrl=nop; Ctrl 


=nop; 


// PC <= MDR; 




pc=a pc=load mdr=a mdr=rankl6 mdr=bw; 




// 




// Pop FL 




// 




// MAR <= SP-+2, MDR <= RAM (3 clocks) ; 




mar=s mar=rankl6 mar=load mdr=ram_read sp=dp2 ; ctrl=nop; Ctrl 


=nop; 


// FL <= MDR; 




fetch=fl fl=a fl=load mdr=a mdr=rankl6 mdr=bw; 




ctrl=load; 
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lmir 1 * 




// MAR <= PC++ MDR <= RAM (2 ninnies) • 




ma r ="0 ma r = ranVS m a r~ = 1 p~i a H np^Hril mH r=ram t~ o a H * r 1 =nriri • 

ILLCL-L YJ ILLCLX J_ CI 1 1 JV O ILLCLX X CL LA \J L- L± \J X J.LLLAX X CULL J_ t; CL Li ^ LI 1 L 1J<J]J/ 




// ZRO <= MDR ■ 




■f r f^"hr~ , "h = "F1 i "r pt— m a c; V 1 naH m H "r = a Tnrir=r3'nV Rn mH r~ — hu • 

X G L. L- 1 1 — J- X 1 I LJ 1 L LCL O JV 1UQ L± 1 L LL-L X CL J L LLA X X CL 1 J JV O LI 1L LL-L X JJ W ^ 




P"" F Y~ 1 =1 pa H * 
O l_ X X XL^d-LA^ 








/ / 




/ / mi ah TFT. 
/ / yuolJ f Jj 




/ / 




// MD.R <= Fli 




mHr'^a mHr~=l naH "F 1 = a "F 1 — V^TnT * 

ILLLAX CL JLLLAX XLJCLLA J L Ct J L UW f 




/ / MAR <= QP=— P RAM <= MDR t r>l rtr>Tc<z ) 




ma? — q ma r=r a n V 1 (-i ma r=1 naH m a r~ — r~ a m t«t ?~ n F o o-r^ — prm 9 c: — rn in ■ 

ILLClX O ILLCtX XCtllJVXU JLLClX X <J CL LA ILLCLX X CLlLL W J L LC o U LAIALZ, T.'-^r^ f 


p""F TP 1 1 — Ti pn * 

1 — L X 1 l\J f 


/ / 




// AcocU lilLcXX Upt t=Ild& J. cr XXoy ( Wi J _L _L cr L. i J cr I'IUjIYI iuOUUx cr xS 


ivOx AxJJy / . 


// 




■f- 1 — V~i "F 1 = 1 a^H ii-pl oari • 

J L JJ J L X LA Cl LA ulU L^ X CL A L ^ 




// 




/ / nnch /P^"*— 7 ) t^/*^ Tiimn "hi^flr t^/*^ f ho nnr<nWfl -jiicf 1 7"*o.aW 




// 




// MDJ? <= PC-1 




mH? — a mHr-1 p~iaH np^a — nm "1 pip — V^Ta7 * 

ILLLJ.X CL 1LLLJ.X XL^CLLJ. j-* L> CL kJ L- LJILLX IM ^ JJ W ^ 








m a tp — q m a r=ra ri V 1 ^ td a r=l c\ a H in a t~ — t~ a m Tat t — i "F o q tpi — prm V q t> = pti t t~i • 

ILLCLX O ILLCtX X Ct 1 1 JV X vj ILLCtX HJCLU ILLClX X CtiLL W J L LC O U UILLZ, Ok- 1 vJLJ.J-- , ^ 


P""F T* 1 rzrplPTn * 
1 — L X 1 1 J jJ / 


// 




/ / /^oniro ^ ho *i t~ 7r~i^ niimha t~ ^ yom f ho TDH m/^Wi7 To /n 
/ / UUii vcl L- uiifcr J.JJLcrXX UmI> li UJllLvcrX X X Ci/i L>XiC7 XAly JIiUUUXc ^ LU 




/ / 1 flT"0 T"T™17?^7^ Tro<niT* /^T™ f flhlo 7 7"OTT7 WW T"0 C C * 
/ / XiiLcXX Li£J L. VCL C Ui UCU^XC X L. tri/t aUUX COO > 




// TMP <= IVTTintl int <= IRO 




// 




// TMP <= TVT T TNT T TROl 7 

/ / X X Jx ^ X V X ^ X XV X £ X A^/ J J 




F t/ttpi^ p F tttpi^ 1 r~i^i H "i "^7"F = "i ri F "i \7F =F~iw * 

1 1 L L ' CL 1 L L k> _L W CL VJ. _L v 1 ±11 1 CL X V L- i^ 1 vv ^ 








/ / D rana t"o t" o pa 7 I ho 7 nFci t~ T"7 7nF t-ot 77P" t" no 7 ojaW 7 npr 7- ho 

/ / f X C^/ui CT l_ tw-* L.C1XX tiiC XiiLCXi ULVL. XUULXiiC^ x uauxii^ LJJC 




// inT^prrjmf vprfnr F/^h Ip 7 "f~^m flrfrfrpQQ info p/^* 




/ / 




// MAR <= TMP MDR <= RAM P3 rlorif?] • 

/ / i ±fiX\ ^» X ir±C f 1 iL/l\ ivril J ( _/ OX UUA Off 




ILLdx — L IlLclx — XclllKXD ILldx — ±UciU. IlLClx — I dill XtrciU.^ OLIl — IlOPj C L x x. — 


nop } 


// PC <= MDR ' 




UU — Ci U(_ , — lUuU. 1LHJ.X — CL IUU.X — XCLI1JS.X O 1LHJ.X. — JJ W f 




/ / 




// Set the IRQ received as already done. 




// 





1052 



Version "E" 



// 




■f ph — "F1 ~\ tty= "i y rf Hnno ■ 

1 C L Ull J L. 11 U 11 LXL^llt;^ 




c^y y 1 =1 o a H • 
O L_ X X 1 uciu.^ 




LJ " X -L LJ X ■ 




// 












// MDR <= FL 




rr\r\y = zi mHr=l naH "F 1 = a "F 1 — T-uaT * 

iLLLxX CL 1LLLJ.X XL^CLLl J L CL J L UW f 








m a t — q m a r— ranVl ^ m a y~--: 1 o a c\ m 3 t~ — y a in Tat t — i i - o q y\ ~ — rrm V c: — rfi n t~i • 

ILLCL-L O ILLCLX XCL11JVXU ILLCLX X LJ CL LI ILLCLX X CtiLL WJ L LC o U LjLLL__ T.'-^r^ f 


r^F rl — Ti ppi ■ 


/ / 




// AcSct iiJUcxx UpC crlicxXJ J. cr Ildy ( Wii x x cr L. i J cr VdSLiXl III\JQ1U-L cr x £ 


WOx AxJIy / . 


// 




"F 1 =V^ "F 1 -= 1 r~> a H a 1 n=;pl psti ■ 

J L U J L X LJ Ct La ul U L- X " CL X X ^ 




/ / 




// fetich / "Of" 1 — 7 1 TTTfnn fass^lr /~\ f ho nnr>AWfl "jiic^ t~o.s>W 
/ / L/Udii |i L X / C C/ _y Lllltfcs xJCH—rL. L- C L> lie ULyUC/UC JudL> X caU . 




// 




// WDi? <= PC—1 




LLLLJ-X — a. ILLL-LX — lUaU. — a. ML- — H_ kJ L_ — U W f 




// MAR <= ^P=—2 RAM <= MDR (1 r> 7 r>r»Zr«7 ) 




rna r~Q tti^'K" — ranV 1 f-i r = 1 na H ma r— ram wri r o on — rr m C q r~i — rfi in ■ 

ILLcLl. O 1LLCLJ_ J_ CL 1 1 JV 1 vj ILLcLl. lUCLU. lLLCtJ_ J_ CLiLL W J L LC o U UiLLZ. op v^LLj—'^ 


r~"F ■k* 1 ="nr~\r^i • 
OL.X x — llL^kJ / 


/ / 




/ / UUIi VCi L- C-IICT XiiLcXX Li£s L, 11 UJIU/CX L/ C- C UiiCT 




// 7 rti~ & T~T~mni~ vp/^^nr f^h Ip 7" "f~^m ^?r/r/rP9^ * 

/ / x 1 J l> ex x uw (— v cr 0 (— w x. i— gj»/x cr -i- (— cnii ciuui cro 0 • 








/ / tmp <= rvT rn 7 




i~ -rnr-i — 3 "hnTn^lpi^H i vt" = "ini" V~i i"\7"T" =V^w 1 <3 ="h hn ^-hw V^n ^ — 0 ■ 




/ / 




/ / P rona /ia 7 7 ^ ho Tfl^O T"T"17D^ T"/^17^ l DO 7 W 7 n/?T T" flO 

/ / f x cr^-scix tr c c/ lcxxx Uiic xiiLcxx c xuuLXiic^ x uaux J •* y C 




// ini^prruD^ ttp 1 r*i~ oy* i~ 1 ^ i i~^m aririr&^Gi info P*^ 
/ / x i ^ lcx x uw (— v e i_« (— t_^x i— ovx e x (_> em c* uux eo o xiiu jt * — - . 




/ / 




// MAT? <= TMP MDR <= RAM (1 r>l nr*lc<z\ • 




ma r=t' ma r=ran V 1 "maT^^loaH mHT~=?"am T^oaH" (^■FT~n=n(^r~i* pf rl = 

ILLCl-L — L. ILLCL-L J_CLllJS-XvJ 1LLCLJ_ _L U CL LJ- 1LLLJ.J_ J_ CLILL J_ CL Vl / L> I [ L IlL^f--'^ OLJ L 


T-ip,n • 

llLJjy / 


// "PC <= MDR * 

/ / C O ^ — V1LJ X\ ^ 




r~u^" = a r^o^l naH mrl T=a itiHt — ranVI (--i ttiHt — V^Ta7* 

kJO — ct kJ O — J-LJCtLJ. 1LLLJ.J_ CL lLLtJ.1. J_CtlliS.-LU !LLtJ.J_ UW/ 




f ^F ph^f 1 • 

J_tiL.L-.Li J — L f 




nf- AaH • 

L- l L X _L L^ CL LI ^ 




f 1 arf -i c*~\ y * 
J LcLLJ J_ Lv _L J_ ■ 




/ / FT. <= WT.jZn-seWFWF 
/ / £ xj ^ ~ XT Xi or lyjvx xr X-tXT 




F^Fr'Vi^F 7 ! F 7 ! ="h "F 1 = 1 pi a H a 1 n=p1 pari ■ 

1C L Lll -L-L J L U J L _L \J CL LX CLJLU. L-- _L vZ; CL -L -L f 




ctrl=load; 




f lag_i_set : 
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// ft. <= ft. / n-xom n 








1 ti L- L 1 1 — J L 11 — U 1 1 — lUaU. al U — otrl L f 
















J Lcty L Lll ■ 








// FT, <= T?T,&()yWWWW, 








1 ti L- L 1 1 — J L 11 — 11 — X U a. Li al U — Ulcal U ^ 








F t~ 1 =1 p~i a H • 








"F 1 ^ (T C Cpt" * 
J — Lcty L O " L- ■ 








// FL <= FL 10x0001 








f d1" ph — F^l F^l — V~i F^T — 1 H a ] n — <~- +- /~* » 
1c LUI1 J L 11 — 11 lUaU al U — acLL-^ 








pf rl =1 Ofl H " 








in t~i 1 1 m a * 

111 11 HILL cl > 








// MAR <= MDR <- = "RAM (9 r> 7 nnlc a ) 








IlLclX — p ilLdl — idllKO IHclX — lUaU pC — Lip 1 ILLLIX — i cLi[L_ 




CLI1 


nop } 


// I OA <= MDR 








~i 03=3 i np = l oflH itiHt— ttiH t— Tfl n k R n itiHt— hw 

_1_ OA. C-i. _1_ v_y C-L _1_ C-i. 1 L L^iX CA 1 L v\JL J_ _1_ 1 1 J v W L-i 1 L L v_^L J_ Vv / 








/ / X/0 iregnesfc f2 docks ) 








i r~\ r"' = t~ r~r * pf rl — Ti nn ■ 

ILL LCL|/ LI L_L 1 1 LJ— 'f 








p~* F rl — n nn • 

L L- 1 1 1 1 \J\J f 








nf r 1 -nnr)' 

LI L _L 11 L f-J f 








// A <= IOC 








fl=fl fl = lf~iflH i np-hw • 








L L. 1 1 1 LKJ^J f 








nF r-1 -nnr)' 

LI L _L 11 \J f 








-F^F ph- -Fl • 

1 L. Lll — 11; 








pf rl =1 OflH " 
L/l L _l_ 1 ua L. ; 








i n n i i Tn V"\ ■ 
1 1 1 1 1 U.1 L L Lj . 








// MAT? <= MDR <"= RAM /"P r» 7 nrifQ ) 








ILLcl 1 — L) llLcL 1 — 1 ci 1 1 jv O ILlcll — lUuU jV— ' — LI kJ Z. 1LILJ.1 — 1 CllLL 




pF rl 
L L- 1 1 


—nop } 


// I OA <= MDR 








i n^i = pi i = l paH mrlr—3 ttiH ti V P l n mH r— hw • 

_LL-*Ct CL 1UQ 1UQ Ll 1 L I LI 1 CL 1 L l\JL J_ J_CLllJS.OLL 1L Lvl 1 kj W f 
















"1 HP — T~ O PT • F T~ 1 — T~l P^iT^l • 
1UL ICLj/ LL-11 L 1\J^J f 








// B <- IOC 








ItrL-Lll — J L kj — cL kj — ILJclLJ. 1 LJ L — U W f 








pf r 1 =1 flflH " 

L/l L _L lUu L. ; 








_L 1 1 11LL1LL ILL _L • 








// MAR <= MDR <= RAM (9 r> 1 nrt q ) 








ILLcl 1 — LJ llLcL 1 — J_ cL 1 1 JV O ILlcll — ILJcLLi UL — LlfJ Z. 1LIL11 — 1 CL1LL 


_2TG clQ ^ 


LL11 


~nop } 


// I OA <= MDR 








i pi^)=3 i pi3 = l p,3pl mHT" — a mpj r— nV Rn mH r— hw • 
iua cl iua lua li i l ll.i cl i l ill j_ j_cliijs.olj. il vkjl j_ u w ^ 








// I/O request (2 clocks) 








ioc=req; ctrl=nop; 
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// MDR <= IOC 

mdr=a mdr=load ioc=bw; 

// MAR <= I, RAM <= MDR (3 clocks) 

mar=i mar=rankl6 mar=load mar=ram_write; ctrl=nop; ctrl=nop; 
fetch=fl; ctrl=load; 
in_num_mj : 

// MAR <= PC++, MDR <= RAM (2 clocks) 

mar=p mar=rank8 mar=load pc=dp2 mdr=ram_read; ctrl=nop; 
// IOA <= MDR 

ioa=a ioa=load mdr=a mdr=rank8u mdr=bw; 

// I/O request (2 clocks) 

ioc=req; ctrl=nop; 

// MDR <= IOC 

mdr=a mdr=load ioc=bw; 

// MAR <= J, RAM <= MDR (3 clocks) 

mar=j mar=rankl6 mar=load mar=ram_write; ctrl=nop; ctrl=nop; 
fetch=fl; ctrl=load; 
out_a_num : 

// MAR <= PC++, MDR <= RAM (2 clocks) 

mar=p mar=rank8 mar=load pc=dpl mdr=ram_read; ctrl=nop; 
// IOA <= MDR 

ioa=a ioa=load mdr=a mdr=rank8u mdr=bw; 
// IOC <= A 
ioc=load a=a a=bw; 
// I/O request 

ioc=req 

fetch=fl; ctrl=load; 
out_b_num : 

// WAR <= PC++, MDR <= RAM (2 clocks) 

mar=p mar=rank8 mar=load pc=dpl mdr=ram_read; ctrl=nop; 
// IOA <= MDR 

ioa=a ioa=load mdr=a mdr=rank8u mdr=bw; 
// IOC <= B 
ioc=load b=a b=bw; 
// I/O request 

ioc=req 

fetch=fl; ctrl=load; 
out_mi_num : 

// WAR <= PC++, MDR <= RAM (2 clocks) 

mar=p mar=rank8 mar=load pc=dpl mdr=ram_read; ctrl=nop; 
// IOA <= MDR 

ioa=a ioa=load mdr=a mdr=rank8u mdr=bw; 
// WAR <= I, MDR <= RAM (3 clocks) ; 
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mar=i mar=rankl6 mar=load mdr=ram_read; ctrl=nop; ctrl=nop; 
// IOC <= MDR; 

ioc=req 

fetch=fl; ctrl=load; 
out_m j_num : 

// MAR <= PC++, MDR <= RAM (2 clocks) 

mar=p mar=rank8 mar=load pc=dpl mdr=ram_read; ctrl=nop; 
// IOA <= MDR 

ioa=a ioa=load mdr=a mdr=rank8u mdr=bw; 
// MAR <= J, MDR <= RAM (3 clocks); 

mar=j mar=rankl6 mar=load mdr=ram_read; ctrl=nop; ctrl=nop; 
// IOC <= MDR; 

ioc=req 

fetch=fl; ctrl=load; 
if ack_jump : 

// WAR <= PC++, MDR <= RAM (2 clocks) 

mar=p mar=rank8 mar=load pc=dpl mdr=ram_read; ctrl=nop; 
// IOA <= MDR 

ioa=a ioa=load mdr=a mdr=rank8u mdr=bw; 

// C <= alu(I/0 Isack) (FL updated) and conditional jump. 

c=b c=load fl=b fl=load alu=a alu=rank8s ioc=isack ioc=bw 
addr=jump jump=zero_f; 

// discard destination address: ++PC and fetch 

pc=qp2 pc=qup fetch=fl; 
ctrl=load; 
if ack_call : 

// WAR <= PC++, MDR <= RAM (2 clocks) 

mar=p mar=rank8 mar=load pc=dpl mdr=ram_read; ctrl=nop; 
// IOA <= MDR 

ioa=a ioa=load mdr=a mdr=rank8u mdr=bw; 

// C <= alu(I/0 isack) (FL updated) and conditional jump. 

c=b c=load fl=b fl=load alu=a alu=rank8s ioc=isack ioc=bw 
addr=call jump=zero_f; 

// discard destination address: ++PC and fetch 

pc=qp2 pc=qup fetch=fl; 
ctrl=load; 
cmpr : 

// FL(A-B) 

fetch=fl fl=b fl=load alu=sub alu=rankl6; 
ctrl=load; 
testr : 

// FL (A&B) , MPC <= # fetch 

fetch=fl fl=b fl=load alu=and alu=rank!6; 
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nf r 1 =1 f,,^ H " 
L/l L _l_ 1UQ ^-t f 










cmp i * 










// MAT? <= T MDR <= RAM ( ? r» 7 nr>1r<z ) • 










m 3 t n tyi d t ri V 1 tyi > 1 a a in a t v 3 m v d an* 

ILld J_ — _L ILLd X. — J_ d 1 1 Is. J_ lj ILLd J- — lUaU. 1LLU.X. — J_ dILL J_ tr CLU. ^ 


U LI _L — 1 1CJJJ f 


L, X. _L — 


nop } 




// A <= MDR ' 










CL — d a. — lUaU. ILLtJ. J_ — d ILLLa. J_ J_a.IlPi.-L vJ ILIlJ. J_ — U W f 










// MAR <= ,T MDR <= RAM Z' ? r7nrlf<j) • 










mflr--i TTlflT— Tr^nlclfS TTlr^T^lo^H TTl H "T = "T TTI rpar] • 

ILL CA _L_ 1 1 L L CL J_ _L_ CL 1 1 J\ _L_ \J ILL Ci. _L_ _L_ J CI ^L 1 L LV^A J_ _L_ CI ILL _L_ CI L_A / 


pf- v* "1 — p ("\-n • 

* — ■ ' L_ _1_ 11 L/M f 


ct rl = 






// B <= MDR; 










U — d — lUaU. ILHd J_ — d 1LLLJ. J_ J_ O.I1JS--L la ILLLa. J_ — U W 










p\ H H t~ — rri t~i y~ ~i 1 1 mr~i — t" Tiif^ * 

CL LA.L.A J_ ^ILLkAA- I LAlLLkA L- J- LA <3 / 










t S S t 1 I 










// MAR <= T MDR <= RAM Z' ? p7npt<j) • 










IlLdJ- — _L nidi- — J_dll-K-J_0 iLldJl — -J-CJdCJL I[LU.J_ — L dill £trd(J.^ 


f~* T~ V 1 Y~l A1"i • 

LLI ± — 1 lCjp ^ 


CLI1- 


nop / 




// A <= MDR • 










3 — o ;7j = 1 pi3 H TTlH "T = a TYI H y~ = y~ ~Zs Yi V 1 £-\ mHr~— I^TaT* 
CL — CL CL — _L CL VJ- 1LHJ.J_ CL 1LLU.J_ J_CLllJS.J_U 1LHJ.J_ U W ^ 










// MAR <= ,T MDR <= RAM / ? p7npt<j) • 










m ^3 7" — ~i ty|3 -r — r~^TiV1(-i m3r=l nsH mHr- r" ^ m roaH • 

ILLCtJ- I ILLCtJ- J_Cl11JS._L(J ILLCLJ- lUu \Jl 1 1 L ^ J. J_ J_CllLL I CCL \J- f 


f~*"h t" 1 =n nri ■ 

^ 1 1 L 1 1 J-A ^ 


LI I — L 


1 1 La^J / 




// B <= MDR; 










Y\—z^ 1")— 1 npH rr\c\-y~ = pi TTlH T= T Pi D 1<" 1 f^i TTlH T— V~)W 

.k_y CI -K^ _L CL vj. 1 L H^J. J_ CL 1 L L V-L J_ J_ CL 1 1 -TV _L \J 1 L L vJ- J_ l^y W 










2H(-jr-]-pq-|- r- "1 11TT1T)— t" TUP 1 " 

CL VJ- VA J_ 1 — <^OI L_ JULIL L 1 L_ LA f 




















// MAR <"= MDR <"= RAM r> 7 nrl-<; ) • 










IlLdJl — o nidi. — £dllK±0 ILldl. — XCJdU. IILU.J1 — L dill I caU^ 


A T~ V 1 — r"i A1"i • 

LLI ± — 1 ltjp ^ 


CLI1- 


nop / 




// B <= MDR • 










V\ = "3 1^=1 O 3 H TTlH "T = a YYi H V" = y- T~i V 1 f~i mH r~— I^TaT * 
U CL J^J -LLJd'd 1LHJ.J_ CL 1LLUJ_ J_ClllJS.J_U ILL^aJ. JJW f 










// MAR <= QP+P MDR <= RAM Z' ? 7 nnle <z ) • 










rn^-p— q tyi a -k- — ^ -pi V 1 TYi^-p— 1 o^rS rn H T= "T TTI TP'^lH 

1 L LCL J_ O 1 L LCI J- J- CL 1 1 Jv _L \J 1 L LCI J- -L W CL vA 1 L LV^A J_ J_ Cll L L J_ S3 CL vA. 


sp^qp2 ; ctrl-nop 


; Ctrl 


—nop ^ 


// A <= MDR; 










3 — ^ ^3 — 1 H tyi iH "p — d tyi n V 1 ^ tyi r\ > V~iTat 

d — d d — lUaU ILLU. J_ d ILLCI J_ J_ dllJS-i- O ILLU. J_ — U w 










^HHt — prnTiT ~i i i nrpi = t" r~iip> * 

CL\_AvA.J_ V .1 1 L k-" J_ I LA1LLK-A 1 L_ LA ~ f 










t G S t S I 










// MAR <= QP MDR <"= RAM / ? r"7npt<:) • 










TYI d T- O TYI d T V d Y~l J t^i TYI 3 > 1 A 3 TYI T >~ 3 TYI >~ 3 • 

ILLd J- — O ILLd J- — J_dIlJS.±U ILLdJ- — lUaU. 11LUI X. — J_ dILL J_ caU^ 


ctrl^nop; 


ctrl = 


nop / 




// B <= MDR * 










V> = o Vi= 1 o ttiH y = a rn H y~ = y ^ Yi V 1 f~i mH r~— I^TaT * 

U d i~J -LLJd'd 1LLLJ.J_ CL ILLLaJ. J_Ca.11JVa.LJ 1LLlJ.J_ kJWf 










// MAR <= C!P+2 MDR <= RAM ( ? r> 7 nnle <? ) • 










r = q Tina r---T3 nV 1 f-i t~=1 naH tti H r~ = r~ ^ rn rP3 H 

ILLCLJ- O ILLCtJ- J_Cl11JS._L(J ILLCLJ- ±UCl \Jl 11 LlJ. J_ J_Cl1LL ICQ \J- 


sp^qp2 ; ctrl=nop 


/ LLJ — L 


— n Ar> • 
1 1 \J kJ ^ 


// A <= MDR; 










p\~ Pi Pi = 1 o^iH rc\c\~r~Pi TnHT—T^nlc 1 ttiHt— hw 

CL CL CL J_ W CL vA. 1 L H^A. A_ CL 1 L L VA 1_ J_ CL 1 1 -TV J_ LA 1 L LLA- 1_ i^J W 










sHHr — f per nilTTl'Pl^T' Tl 1 P * 
CL L_A.L_L J_ LCD 1 L J LLILL^-J 1 L UC ^ 










cmp8i : 










// MAR <= I, MDR <= RAM (2 clocks); 
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m a y ~\ rri 3 t 3 n V « m 3 > 1 a ^ Tn f"H > y m vci 3 H • 

ILLCL-L — _L ILLcl-L — I_ Ci 1 1 Jv O ILLcl-L — lUuU ILLLi-L — X_ CiiLL J_ t: Ci Li ^ 


L- LI _L — llLJ^J / 








// A <= MDR; 










CL — ci CL — lUaU. ILLLi-L — d 1LLLI-L X_ ci 1 1 Jv O O I LIU. J_ — U W ^ 










// MAR <= ,T MDR <= RAM (9 r>l nnlc <: ) • 










rn^T="l Tina r=r-3nV P rnpl"r=l p, a H m H T~ = T ^ 171 rp^r] • 

1 L LCL J- J 1 L LCI J- J- CI 1 1 JV kj 1 L LCL J- -L CI \JL 1 L Ll^A J_ J_ Cll L L J_ "3 CI vJ- ^ 


p f- y 1 ^nriTi • 

O 1 L _L 1 1 \J ^.J f 








// B <= MDR; 










JJ a U — lUaU ILLLi-L. — ci ILLLi-L J_ciIlJs-Oo 1LLLI J_ — U W ^ 










sciclir— cmpir j ump— t irus } 










Leo LOl . 










// MAR <= T MDR <= RAM /"P p7nrlf<j) • 










m a y ~\ tti a t ranVQ in 3 y 1 r~\ a tti /"H > y~ a m ya^n • 

I L La. J- — _L ILLci J- — I_ ci 1 1 jv O ILlcl J_ — _L L> Ci Li 1LLLI J_ J_ cilLL x_ Ci Li ^ 


L. L-L _L — llLJ^J / 








// A <= MDR • 










a — a a — "1 01 a H m H ■> 33 tti H v — t3 n V Q c m r\ y — * 

a a ci _l_ L) cLLi ILLLi-L — ci 1LLLI.L J_a.IlJs.Oo ILLLi-L — U W f 










// MAR <= ,T MDR <= RAM p7npt<j) • 










m a ?~ = ~i ma r=r^riVP ma r = 1 n^H mrlr - "ram rpaH • 

ILLCL-L I ILLCtJ- J_ Ci 1 1 Jv O 1LLCLJ- lUu LX 1 L Ll^X X. J_ Cll L L J_ CI LX ^ 


p"t~ y 1 =v\ nn * 

k^l 1 L 1 1 ^ f 








// B <= MDR; 










"K=a V~)=l naH itiHt— ^ mri t — ra n lc R <^ ttiHt— l^w* 

i~J d J*-" -L w CL vj- 1 L LK^L J_ CI 1 L L J_ J_ CI 1 1 JV W O 1 L L\_J- J_ J^y W ^ 










ciclciir := cinci i ump— t irus } 










OILl^J O o . 










// MAR <= <7P MDR <= RAM r> 7 nr>1r<^ ) • 










m a t c; tti a t n lr P m ay ~\ c\ a c\ vn r~] y y a m roaH ■ 

ILLcLJ- O ILLclJ- — J_clIlJvO ILlcl J_ — _L U Ci LI 1LLLIJ- — J_ CilLL J_ t: ci LI f 


L. Ll _L — 11UJJ / 


ULI 1 — 


nop ^ 




// B <= MDR; 










V> = a pis H mH7~ = a mHr=ranVPci mH r^r^iw * 

JJ u JJ _LL>CLU. ILLLlX. Ct ILLLli- X_ClllJS.Oo ILLLli- -L> W f 










// MAR <— QP+7 MDR <r— RAM / r»7r»r»fc-<?) • 










ma r = c; ma Ta n V R mA r=l n^H mH r— r^rn TP>aH 

1 L L CL J_ O 1 L LCL J- -L_ CI 1 1 JV 1 L LCL J- -L W CI *wl 1 L Ll^A J_ J_ Cll L L J_ "3 CI vJ. 


sp=qpl; ctrl=nop 


; Ctrl 


iiup , 


// A <= MDR; 










ci — d ci — XCJciLL lULi-L — d ILlLlJl — L cillK o o IIIL1J-— iJW 










CL V.1 VJ. J_ V .1 L L k-" J_ J L-LlLLk-' 1 l_ UL "3 f 










L <3 o L O O ■ 










// MAR <= <7P MDR <= RAM r> 7 nr>]c<z ) • 










m a t c; m a t >^a n lr P m a t "1 ria H m H y a m roaH ■ 

ILLcLJ- O ILLclJ- — -LcillJvO ILLa. J_ — _L LJ Ci LL 1LLLI J_ — x_ cilLL J_ t: ci LL f 


ctrl=nop; 


ctrl= 


nop } 




/ / B <= MDR ' 










V^i — o — "1 o a iH mH"K~ = a mHr=ranV R q mH r— biw * 

JJ u JJ _LL>CLU. 1LLU.X. CL ILLLli- X-dllJvOo ILLLli- -L> W f 










// MAR <= QP4- 7 MDR <"= RAM / ? p?npt<:) • 










m a y~ — q m a ~v~ — y a t~i It Pi m a t~ — 1 riaH m H y — a m rp a H 

1LLCL-L O ILLdJ- J_CillJvO ILLCii- -L <J Cl LL ILLLli- X_ CilLL X_ *3 CL LL 


sp=qpl; ctrl=nop 


p-h y~ i 


ilL>p , 












ci=o_ a— load, mdr— a. rndr - — ra.nk8s mdr~jbw 










a.ddir— t ss t r j ump— t jtug } 




















s t op l 










ctrl=stop; 










// 











1058 



Version "E" 



end 



13.15 Macrocode 

As an example, the following listing shows a simple program that 
reads from the keyboard and prints the same text on the virtual 
screen. The keyboard input is read after a hardware interrupt. 

Listing 13.44. Macrocode example for TKGate. 

begin macrocode @ 0 
jump #start 
nop 

interrupt_vect or_t able : 



. short 


0x0025 


// 


CPU opcode error 


. short 


0x0024 


// 


CPU 


. short 


0x0024 


// 


CPU 


. short 


0x0024 


// 


CPU 


. short 


0x0024 


// 


IRQ rtc 


. short 


0x0026 


// 


IRQ keyboard 


. short 


0x0024 


// 


IRQ hard disk 


. short 


0x0024 


// 


IRQ 


. short 


0x0024 


// 


software 


. short 


0x0024 


// 


software 


. short 


0x0024 


// 


software 


. short 


0x0024 


// 


software 


. short 


0x0024 


// 


software 


. short 


0x0024 


// 


software 


. short 


0x0024 


// 


software 


. short 


0x0024 


// 


software 



def ault_interrupt_rout ine : 

iret 
op_code_error : 

stop 
keyboard : 

in 1,%A // keyboard read 
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equal // update flags 

jump %zero, 1 , #keyboard_end // if zero exit 

out %A, 0 // print on screen 

jump #keyboard // continue 

keyboard_end : 
iret 

start : 

cp 0x0 08 0, %I // set stack bottom 

cp %I, %SP 
// 

ivtl #interrupt_vector_table 
// 

imrl OxOF // all ZRQ accepted 

flag_i 1 // J1?0 enabled 

// 

keyboard_reset : 

in 1,%A // keyboard read. 

equal // update flags 

jump %zero, 0 , #keyboard_reset // if not zero continue 

// 

loop : 

jump #loop 

stop: // never reach the end. 

stop 

end 
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This version of the CPU is made with 32-bit registers and it is able 
to distinguish between privileged and unprivileged processes: un- 
privileged processes can not access directly the I/O devices and can 
not modify some status flags. The opcode remains limited to 8-bit 
width, including the argument represented by registers: because of 
this limitation, there are few macrocode instructions, but enough for 
the demonstration purpose of the project. There are other important 
features worth to mention: the data is accessed in big-endian mode 
and the memory is segmented, distinguishing between code and data 
segments. 



Attachments 


Description 


attachments/xcpu/xcpu-f. v 


TKGate Verilog netlist source file. 
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Attachments 


Description 


attachmen ts/xcpu/xcpu-f- 
memcpy.gm 

attachmen ts/xcpu/xcpu-f- tty- 
simple.gm 

attachments/xcpu/xcpu-f-user- 
process.gm 

attachments/xcpu/xcpu-l- 
supervisor-and-user.gm 


TKGate microcode and 
macrocode alternative source 
files. 


attachmen ts/xcpu/xcpu -i- terminal . 
vpd.tcl 


TCL/Tk script related to the termi- 
nal module 7TF. 
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Figure 14.2. Simple CPU, version "F". 
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14.1 General purpose modules 

The following figures show some general purpose modules. Some 
of them already appeared in previous versions of the project, with or 
without modifications. 
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Figure 14.3. Module RANK32 and submodules: rank reduction 
and sign extension. 
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Figure 14.4. Modules Dn. 

module Dl 
(Dflip-flop) 
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Figure 14.5. Modules DHn 
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Figure 14.6. Modules Fn. A module Fn, provided that the input 
Ti is asserted, returns the count of the impulses received at the 
Ck input. 
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14.2 Addition modules 

This version of the simple CPU works with 32-bit registers and 
ALU. The ALU, some registers and some other modules, contain an 
addition module for various reasons. For example DA and CA need 
to calculate the real memory address and some registers need to be 
incremented or decremented. To ensure that the additions are made 
as fast as possible, the technique of the carry lookahead is used. 



« 
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Figure 14.7. Module SUM8 : 8-bit addition with carry lookahead. 
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Figure 14.8. Module CLH4: carry lookahead generator. 
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Figure 14.9. Module SUM32 
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Figure 14.10. Module sum32: it is just a wrapper around the 
module SUM32. 
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14.3 Multiple clock lines 

All the previous versions of the simple CPU suffer from clock timing 
problems that sometimes arise with the memory access. With this 
version there is a clock generating seven pulses at different offsets: 
with this method, up to fourteen edge triggers can be selected. 

Figure 14.11. Seven clock signals. 
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The clock pulse is produced by the module CLKCLR, described by 
the following figures. 



1074 Version "F": 32-bit registers, big-endian, privileges 

Figure 14.12. Module CLKCLR. 
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As it is for the previous version of the simple CPU, the clock gener- 
ator is started by a single shot (the module one_up), represented on 
the left of the figure by a red 'stair' . Then the modules DLY are sim- 
ple delay lines, made of non-inverting buffers. To tune the frequency, 
the delay lines can be adapted with the input value DLY : zero repre- 
sents the maximum frequency (the shortest delay), 15 produces the 
minimum frequency (the longest delay). As for the previous clock 
versions, the clear line (Clr output) is to be coordinated with the 
clock. 
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Listing 14.13. Module onejup, used to start the oscillation inside 
the module CLKCLR. 

module one_up #(.W(1000)) (Z); 
output Z; 
reg Z ; 

initial 
begin 

Z = 1'bO; 

$tkg$wait (W) ; 

Z = l'bl; 
end 

endmodule 
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Figure 14.14. Module DLY. 
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14.4 Bus 

This version of the simple CPU has only two busses: the U bus is the 
usual data bus, having a 32 bits size, whereas the T is a double pur- 
pose bus, used to carry the content of all registers and the microcode 
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control word. In practice: the U bus is used to exchange data, while 
the T bus allows to any component to read any other register, with- 
out extra cabling. In fact, the project could have been designed with 
much less external cabling, but extra visible connections are used 
also to show some important dependencies between modules. 

Inside the T bus, T 19 \-o is used to carry a copy of the content from 
every register, as it is described by the following table. 



Table 14.15. T 19l:0 fields. 



msb 


Isb 


size 


value of: 


msb 


Isb 


size 


value of: 


31 


0 


32 


A 


479 


448 


32 


MD 


63 


32 


32 


B 


511 


480 


32 


IVT 


95 


64 


32 


C 


543 


512 


32 


TMP0 


127 


96 


32 


D 


575 


544 


32 


TMP1 


159 


128 


32 


I 


607 


576 


32 


TMP2 


191 


160 


32 


J 


639 


608 


32 


TMP3 


223 


192 


32 


SP 


671 


640 


32 


TMP4 


255 


224 


32 


FP 


703 


672 


32 


TMP5 


287 


256 


32 


DSO 


719 


704 


16 


IRQ 


319 


288 


32 


DS1 


727 


720 


8 


FL 


351 


320 


32 


CSO 


735 


728 


8 


IOA 


383 


352 


32 


CS1 


767 


736 


32 


CNS 


415 


384 


32 


PC 


783 


768 


16 


CLKC 


447 


416 


32 


SSP 


791 


784 


8 


IR 



For example, the content of the FP register is available from T^-ha- 
The following table shows the lines from bit 867 to bit 999, used to 
carry the functions to be executed by the modules connected to the T 
bus: on the left side there are the connections to the T bus, whereas 
on the right side there are the original partitions from the microcode 
word. Please notice that, for this version of the simple CPU, eight 
lines are used to carry the clear and clock signals; these eight lines 



1078 Version "F": 32-bit registers, big-endian, privileges 

are added to the microcode word itself, without replacing anything 
from the original microcode word. 



Table 14.16. ^998:867 fields and [iCWm-.o- 



msb 


Isb 


size 


line description 


msb 


Isb 


msb 


Isb 


size 


line description 


msb 


Isb 


874 


867 


8 


clear and clock 


878 


875 


4 


stop, call, load, return 


3 


0 


945 


944 


2 


CS1 


70 


69 


884 


879 


6 


uC jump condition 


9 


4 


951 


946 


6 


PC 


76 


71 


895 


885 


11 


uC jump address 


20 


10 


953 


952 


2 


SSP 


78 


77 


906 


896 


11 


ALU 


31 


21 


955 


954 


2 


TMP0 


80 


79 


908 


907 


2 


A 


33 


32 


957 


956 


2 


TMP1 


82 


81 


910 


909 


2 


B 


35 


34 


959 


958 


2 


TMP2 


84 


83 


912 


c\a a 

91 1 


2 


O 


37 


or 1 

3d 


961 


960 


2 


~ri\ flno 

I Mr3 


or* 
OD 


85 


914 


913 


2 


D 


39 


38 


963 


962 


2 


TMP4 


88 


87 


920 


915 


6 


I 


45 


40 


965 


964 


2 


TMP5 


90 


89 


926 


921 


6 


J 


51 


46 


975 


966 


10 


M 


100 


91 


932 


927 


6 


SP 


57 


52 


978 


976 


3 


IVT 


103 


101 


934 


933 


2 


FP 


59 


58 


981 


979 


3 


IRQ 


106 


104 


937 


935 


3 


DA 


62 


60 


984 


982 


3 


FL 


109 


107 


939 


938 


2 


DS0 


64 


63 


986 


985 


2 


IOA 


111 


110 


941 


940 


2 


DS1 


66 


65 


989 


987 


3 


IOC 


114 


112 


943 


942 


2 


CSO 


68 


67 


998 


990 


9 


CNS 


123 


115 



14.5 Registers: simple and with post-increment 

There are two types of registers, the registers A, B, C, D, FP, 
CS0, CS1,DS0, DS1, SSP, TMP0, TMP1, TMP2, TMP3, TMP4, 
TMP5 and IOA are simple registers like the one shown in the fol- 
lowing figure, which corresponds to SSP: 
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The register is made with a 32-bit D flip-flop (positive edge trig- 
gered), connected to a multiplexer that can select from the previous 
flip-flop output or a new input from the U bus. The control lines are 
only two: load (bus-read) and enable (bus- write). The control lines 
(the function) are taken from the T bus (in that case they correspond 
to r 9 53;95 2 ) and a copy of the register content is also sent to the T bus 

(7^447:416)- 

The registers 7, J, SP and PC, can be post-incremented or post- 
decremented. The following figure shows the register PC: 



1080 
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In that case the control lines are six: load (bus-read), enable (bus- 
write) and four lines representing a signed increment, from -8 to 
+7. 

Some registers (A, P, /, J, SP, FP, Z>S0, Z>Si, C50, C5i and 
PC) have an extra output connection (like it appears in the previous 
figure). This is done to connect the register to some other module. As 
already explained in a previous section, every register sends its own 
value to a private channel inside the T bus, where it could be read by 
any other module connected to it. But here these extra connections 
are kept to highlight their purpose. 

14.6 Memory segmentation 

In this version of the simple CPU, the address used to access the 
memory is relative to a 'segment'. That is: if a program is work- 
ing inside a segment located at address 100000i 6 , up to address 
200000i6, the relative address 123i 6 is located in memory at the real 
address 100123i 6 ; moreover, if a program tries to reach the location 



Version "F": 32-bit registers, big-endian, privileges 1081 

100001 16, which corresponds to the real address 200001 i6 , an inter- 
rupt if fired and the program might be stopped. 

There are two memory segments: data and code. The data segment 
is delimited by the registers DS0 and DS1 , where the former is used 
to point to the start of the segment, whereas the latter should point 
to the address after the end of the segment. For example, if DS0 
and DS1 contains zero (which is the default starting value), the seg- 
ment covers the entire memory addressable. The code segment, rep- 
resented by the registers CS0 and CS1 , works the same way. 

When accessing the memory, through the module M, it must be 
specified if the access is relative to the data segment, or the code seg- 
ment. When loading the opcode inside the instruction register (IR) 
and the arguments following the opcode, the code segment is taken 
into consideration, whereas, for any other access, the data segment 
is in control. 

The module DA (data address) is responsible for calculating the real 
address used for the data segment. It is connected to the registers /, 
J, SP and FP: any data segment access requires to have loaded, at 
least, an address inside one of these registers. 

The module CA (code address) is used to calculate the real address 
for the code segment and depends from the register PC. 
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Figure 14.19. Connection with modules DA and CA, to calculate 
and validate the requested addresses, for data and code segments. 
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14.7 Module "DA" 

The module DA is used to calculate the real memory address for 
something located in the data segment. The real memory address is 
calculated adding the value contained inside the registers DSO and 
J: the former is used to specify the begin of the data segment and 
the latter as an index from the selected relative address. The relative 
address used as input to the DA module might come from the address 
registers, /, J, SP and FP, with the exception that if the J input is 
selected, J itself is not added again. 
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Figure 14.20. Module DA 
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The module output is A (address) and a check is made to verify if the 
real memory address is contained before the value reported by regis- 
ter DS1 . If the calculated real address is outside the allowed memory 
segment, the output err is asserted. This version of the DA module 
does not prevent the access outside the allowed memory segment. 

14.8 Module "CA" 

The module CA is used to calculate the real memory address for 
the code. The real memory address is calculated adding the value 
contained inside the registers CSO and PC. 
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Figure 14.21. Module CA 
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The module output is A (address) and a check is made to verify if the 
real memory address is contained before the value reported by regis- 
ter CS1 . If the calculated real address is outside the allowed memory 
segment, the output err is asserted. This version of the CA module 
does not prevent the access outside the allowed memory segment. 

14.9 Modules "M" and "RAM" 

The module M is responsible for all memory access, selecting a real 
address from the DA module or from the CA module. The memory 
is organized with 8 -bit blocks, but the M module receives the re- 
quest to access a certain byte inside a particular word that starts at a 
particular address. For example, it might be requested to access the 
byte two of a 32-bit word, located at the address 00000010i 6 : 
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32 -bit word 
B B B B 

3 2 10 

t 

As it should be visible in the figure, the byte that the module M 
will access is located at address 000000 lli 6 . To obtain this result, 
the module requires to know the width of the data requested (the 
rank) and the byte position inside the requested word. The rank is a 
number — from zero to three — that refers to a rank from one byte 
to four bytes; the byte position is a number — from zero to three — 
that refers to a byte from the least significant byte (LSB) to the most 
significant one (MSB). The module M subtracts the byte position 
from the rank and then adds the result to the real address. Following 
the example shown above, it gets a value of 3 for the rank and a value 
of 2 for the byte position: 3-2=1; 00000010i 6 +l=00000011i 6 . 
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Figure 14.23. Module M. 
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The calculated address is stored inside a 32-bit D flip-flop at the 
clock6 edge: 
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the memory address is saved at this time 



The memory is read starting from the clock6 edge and it is written 
starting from the clockO edge: 
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Figure 14.25. Read and write access timing. 
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the memory address is available at this time 



the read access begins here 



the write access begins here 



When something is read from the memory, the output is collected 
by the modules MD {memory data) or IR (instruction register). It 
depends on the type of data selected: the code is to be received by 
the IR register, whereas the other data is to be received by the MD 
register. When something is to be written to the memory, the byte is 
taken directly from the U bus, selecting the byte that is to be writ- 
ten. The module M has also an additional output IN that is used to 
connect the module IVT: this is done to emphasize the transition of 
a software interrupt number, read from the memory and received by 
the IVT module, which translates it into a pointer to the IVT table 
in memory. 
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Figure 14.26. Module sum2, used to calculate the byte offset 
from the requested address, knowing the byte rank and the byte 
relative position. 
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The module RAM contains the RAM memory, to hide the fact that 
it is made of two memory components, because the TKGate version 
used to build and simulate this project is not able to handle memory 
components with more than 31 bits for the address. 

Figure 14.27. Module RAM. 
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14.10 Module "IR 
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The module IR is an 8-bit register — similar to the other registers — 
that is embedded inside the module M. The IR register never writes 
to the U bus and only a single line is used to control the register-load 
action. The register IR is updated at the clock! edge and its content 
is sent directly to the CTRL module. 

Figure 14.28. The register IR is updated at the clock! edge. 
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the memory address is available at this time 



the memory read access begins here 



the IR register is updated here 
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Figure 14.29. The IR register. 
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14.11 Module "MD" 

The module MD is a register used to store a word, while it is read 
from the memory, byte after byte. The module requires to know 
which byte is readed from the expected word that is to be obtained. 
For example, when reading the byte two of a 32-bit word, the second 
8-bit D flip-flop on the left is used to store the data. 
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Figure 14.30. Module MD 
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The first 8 -bit register on the right is different, because it is used a 
D latch instead, so that it holds the data when the clock is high, but 
the data received is already available on the output. The read access 
to the memory is done starting from the most significant byte, ending 
to the least significant one. That is: when reading the least significant 
byte all the other bytes are already available inside the other D flip- 
flop and the whole word is usually written to the U bus. 

When writing to the U bus, the module MD requires to know the 
rank and if the value is signed or unsigned, so that the module 
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RANK32 is able to fix the final value that is sent to the bus. 
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The clock signal used to update and hold the data received is clock4, 
just like the other registers, but should be clear that when writing the 
U bus, the data is ready before the clock4 edge, because the least 
significant byte is holded by the 8 -bit D latch on the right. 

14.12 Module "IRQ" 

The module IRQ is the same as the previous version, except that it 
is able to handle eight different signals. 

Figure 14.31. Module IRQ. 
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Another difference from the previous version of the module IRQ is 
that the selected IRQ (from the priority selection) is sent without 
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conversions to the IVT module (it is the IVT module that converts 
what is necessary). 

Figure 14.32. Module irq_priority . 
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Figure 14.33. Module irq_register . 
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14.13 Module "IVT" 

The IVT module is used to store the IVT (interrupt vector table) 
location and to calculate an address inside that table, when receiving 
an interrupt. The IVT table address is stored inside the 32-bit D flip- 
flop on the left; when receiving an interrupt from the int input line, 
or from the irq input line, the interrupt number is multiplied by four 
and added to the IVT table address: the resulting address available 
on the U bus, if writing on it is enabled, corresponds to the element 
of the IVT table that should contain a function address to process the 
interrupt received. 

The interrupt is multiplied by four because each memory address 
occupies 32 bits (four bytes), consequently, every element of the 
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IVT table is 32-bit long. 
Figure 14.34. Module IVT. 
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The IRQ numbers are converted into interrupt numbers, adding the 
fixed value eight (1000 2 ). That is: IRQ 0 becomes INT 8, IRQ 1 
becomes INT 9,... IRQ 7 becomes INT 15. 

14.14 Module 7\LU" 

The module ALU is similar to the previous version, with the excep- 
tion that 32 bits are used. Every operation that results on a value to 
be written in the U bus requires to specify the rank and if it is signed 
or not: the module RANK32 does the necessary adaptations and the 
flags carry, negative and overflow are updated consequently. 

The ALU includes the module SR32 that should be used to get a 
zero or -1 result, but it is not much useful because there is already 



Version "F": 32-bit registers, big-endian, privileges 

the module CNS that can do it better. 
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With the module FLSR the ALU can modify the status register 
(FL), without hardware limitations: it is the microcode to establish 
if such modifications can be done. 

Figure 14.35. Module ALU. 
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Figure 14.36. Module SR, used to generate the value zero or -1 
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Figure 14.37. Module LOGIC32: bitwise boolean logic. 
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Figure 14.38. Module AS32: addition and subtraction. 
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Figure 14.39. Module SHL32 : any kind of binary shift left. 
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Figure 14.40. Module LSHR32 : logic shift right. 
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Figure 14.41. Module ASHR32 : arithmetic shift right. 



4 



A 



32 



Co ASHR32 r 



2 



32 



2 

7^ 



PP, 



X 

V 



'jo « r- c - ' 

?S <m n 



Co 



32 



Version "F": 32-bit registers, big-endian, privileges 



Figure 14.42. Module ROTL32 : rotation left. 
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Figure 14.43. Module ROTR32: rotation right. 
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Figure 14.44. Module FLSR, used to change the flags inside the 
FL register. The module FLSR allows to change any flags, but 
it is checked inside the microcode if it is allowed. 
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FLO = C, carry 

FL1 = Z, zero / / 8 
FL2 = N, negative 
FL3 = V, overflow 

FL4 = I, IRQ enabled j 
FL5 = R, IRQ requested FLo 
FL6 = T, transition (bigger stack after interrupt) 
FL7 = S, supervisor process 

FL7:4 can be changed only by a supervisor process (as defined inside the microcode) 

14.15 Module "FL" 

« 

Flags are more sophisticated inside this version of the simple CPU, 
because half of the flags can be modified only by a supervisor pro- 
cess. Here are the current flags meaning: 
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The figure shows the flags FLta emphasized, because these flags 
can be modified only when the 'supervisor' flag is already active. A 
supervisor process can decide to lose its own privileges, but then it 
can not gain them again, except when an interrupt is processed: it is 
supposed that the interrupt procedures listed inside the IVT table are 
sure enough to be executed with privileges. 

The FL register is different from the previous version, because it 
should not allow to gain privileges when not allowed. The register 
can be loaded from the U bus or from the ALU module, but when 
loading from the bus, it is possible to chose to update only the zero 
and negative flags. In other words, the FL can: keep the value stored, 
load a new value from the bus, update the zero and negative flags 
from the value available in the bus, load a new value from the ALU. 

When loading a new value from the bus, the register can accept to 
modify the bits FL 7 . A only if the supervisor flag is already active. 

The bit FL 5 is never stored, because it just comes from the IRQ 
module and it represent a pending IRQ request, which might or 
might not be processed (it depends on the flag FL 4 ). 
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Figure 14.46. Module FL. 
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14.16 Module "TTY" 

The TTY module is almost the same as the previous version, replac- 
ing the old module DR8 with a D flip-flop with external multiplexer. 
The module TTY is a textual screen-keyboard terminal interface. All 
the details about the module functionality should be found at some 
previous versions description. 

Figure 14.47. Module TTY. 
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Listing 14.48. Module terminal: Verilog code. 



module terminal (K_DATA, 


K_REQ, K_ACK, 




S_DATA, 


S_REQ, S_ACK, CLR) ; 


output K_ACK; 






output S_ACK; 






output [7:0] K_ 


DATA; 




input [7:0] S_DATA; 




input K_REQ; 






input S_REQ; 






input CLR; 






reg k_ready; 






reg [7:0] key; 

_) \- -i _L f 






reg s_ready; 






initial 






begin 






k_ready = 


0; 




s_ready = 


0; 




key = 0 ; 






end 






always 






begin 






@ (posedge 


CLR) 




k_ready = 


0; 




s_ready = 


0; 




key = 0 ; 






end 
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initial $tkg$post ("TERMINAL", "%m") ; 

always 
begin 

@ (po sedge K_REQ) ; 

# 5; 

key = $tkg$recv ("%m.KD") ; 

# 5; 

k_ready = l'bl; 

# 5; 

@ (negedge K_REQ) ; 

# 5; 

k_ready = 1'bO; 
end 

always 
begin 

@ (posedge S_REQ) ; 

# 5; 

$tkg$ send ( " %m . SD " , S_DATA) ; 

# 5; 

s_ready = l'bl; 

# 5; 

@ (negedge S_REQ) ; 

# 5; 

s_ready = 1'bO; 
end 

assign S_ACK = s_ready; 



Version "F": 32-bit registers, big-endian, privileges 



1111 



assign K_DATA = key; 
assign K_ACK = k_ready; 

endmodule 



Listing 14.49. File 'share/tkgate/vpd/terminal .tcl' for 
TCL interface. 

image create bitmap txtcurs -file "$bd/txtcurs .b" 

VPD :: register TERMINAL 
VPD::allow TERMINAL :: post 
VPD:: allow TERMINAL :: data 

namespace eval TERMINAL { 

# Public variables declarations: the variables $terminal_. . . 

# are arrays of which only the element $n is used; 

# that element identifies uniquely the working interface instance. 

variable terminal_w 
variable terminal_pos 
# 

variable KD 

# Function requested by TKGate to create the interface . 

proc post {n} { 

variable terminal_w 
variable terminal_pos 

# Create the window and save the object element in a $terminal_w array element . 

set terminal_w ($n) [ VPD : : createWindow "TERMINAL $n" -shutdowncommand "TERMINAL :: impost $n"] 

# For convenience, copy the object reference inside the local 

# variable $w; then, the variable $w will be used as a reference to the object . 

set w $terminal_w ( $n ) 

text $w.txt -state disabled 

pack $w.txt 

# Put the cursor at the end of the displayed text . 

$w.txt image create end -image txtcurs 

# Bind the keyboard input, related to the object represented by 
§ $terminal_w ($n) , to the function sendChar . 

bind $w <KeyPress> "TERMINAL :: sendChar $n \"%A\"" 

# Open a reading channel , named «SD» (screen data) , 

# and associate it to the function «data»; moreover, open a 
§ writing channel, named «KD» (keyboard data) . 

if {[info exists : :tkgate_islnitialized] } { 
VPD: :outsignal $n . KD TERMINAL :: KD ( $n) 

VPD : : insignal $n.SD -command "TERMINAL :: data $n" -format %d 

} 

# Reset the character count, used to count the characters displayed 

# on screen. 

set terminal_pos ( $n) 0 
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} 

# Function that receives the typing and put it into the 

# channel «KD», related to the current interface instance. 

proc sendChar {n key} { 
variable KD 

if { [string length $key ] == 1 } { 
binary scan $key c c 
set TERMINAL: : KD ($n) $c 

} 

} 

# Function that TKGate requires to destroy the interface. 

proc unpost {n} { 

variable terminal_w 
variable terminal_pos 
destroy $terminal_w ($n) 
destroy $terminal_pos ($n) 
unset terminal_w ( $n) 
unset terminal_pos ( $n) 

} 

# Function used to get the data to display on screen. 

proc data {n c} { 

variable terminal_w 
variable terminal_pos 

# For convenience, copy the object reference representing the 

# interface, inside the variable $w. 

set w $terminal_w ( $n) 
catch { 

# The variable $c contains the character to display. 

if { $c == 7 } { 

# BEL 

bell 
return 

} elseif { $c == 127 | $c == 8 } { 

# DEL I BS 

if { $terminal_pos ($n) > 0 } { 

# Delete the last displayed character, but only if the 

# characters counter is greater than zero, otherwise 
§ the cursor would disappear and the next characters 
§ would be located in an invisible screen area . 
$w.txt configure -state normal 

$w.txt delete "end - 3 chars" 
$w.txt see end 

$w.txt configure -state disabled 

set terrainal_pos ( $n) [expr {$terminal_pos ( $n) - l}] 

} 

return 
} elseif { $c == 13 } { 

# Convert CR to LF . 

set c 10 

} 

# Convert the character number into a visible symbol . 

set x [format %c $c] 
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# Display the symbol . 








$w.txt configure -state normal 








$w.txt insert "end - 2 chars" $x 








$w.txt see end 








$w.txt configure -state disabled 








# Update the displayed characters counter. 


} 


} 


} 


set terminal_pos ( $n) [expr {$terminal_pos ($n) + l}] 



14.17 Module "HDD" 

The HDD module is similar to the previous version: the address is 
now specified with a single 32-bit request and only four virtual units 
are available. All the details about the module functionality should 
be found at some previous versions description. 
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Figure 14.50. Module HDD. 
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When the request is not yet satisfied, the 
value that is available for reading from 
the device is negative, because the most 
significant bits are all set to one. 
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Listing 14.51. Verilog code describing the module hd. 

module hd (DRIVE, SECTOR, BYTE, WRITE, DATA_IN, 

DATA_OUT, REQ, ACK, CLR) ; 
input [1:0] DRIVE; 
input WRITE, REQ, CLR; 
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input [19:0] SECTOR; 
input [9:0] BYTE; 
input [7:0] DATA_IN; 
output [7:0] DATA_OUT; 
output ACK; 
// 

integer _data_out; 

integer _ack; 

// 

reg [7:0] buf f er [ 0 : 1 02 3 ] ; 

reg [8*24-1:0] filename = "hd0_sector_000000000 .mem" ; 
// 



integer 


i; 




integer 


sector_ 


.8; 


integer 


sector_ 


.7; 


integer 


sector_ 


.6; 


integer 


sector_ 


.5; 


integer 


sector_ 


.4; 


integer 


sector_ 


.3; 


integer 


sector_ 


.2; 


integer 


sector_ 


.1; 


integer 


sector_ 


.0; 


integer 


x; 





// 

initial 
begin 

for (i=0; i<1024; i=i+l) 
begin 
// 

// Initial buffer reset with 00. 

// 
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buffer[i] = 8'h00; 




end 




_ack = 0; 




_data_out = 0; 




x = 0; 




end 




y y 

// 




always 




begin 




@ (posedge CLR) 




_ack = 0; 




_data_out = 0; 




x = 0; 




end 




// 




// 




y y 

// 




always 




begin 




// 




// Start after a positive 


edge from REQ ! . 


// 




@ (posedge REQ) ; 




# 10; 




// 




// Define the sector file 


name . 


// 




x = SECTOR; 




sector_0 = x%10; 




x = x/10; 




sector_l = x%10; 
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x = x/10; 








sector_2 = 


x%10; 






x = x/10; 








sector_3 = 


x%10; 






x = x/10; 








sector_4 = 


x%10; 






x = x/10; 








sector_5 = 


x%10; 






x = x/10; 








sector_6 = 


x%10; 






x = x/10; 








sector_7 = 


x%10; 






x = x/10; 








sector_8 = 


x%10; 






// 








// The string starts 


from the right to the 


// left! 








// 








filename [ 12 


*8 + 7 : 12*8] 


= sector_8 


+ 8'd48; 


filename [ 1 1 


*8+7 : 11*8] 


= sector_7 


+ 8'd48; 


filename [10*8+7 : 10*8] 


= sector_6 


+ 8'd48; 


filename [ 9* 


8+7:9*8] = 


sector_5 + 


8' d48; 


filename [ 8 * 


8+7:8*8] = 


sector_4 + 


8' d4 8; 


filename [ 7 * 


8+7:7*8] = 


sector_3 + 


8' d4 8; 


filename [ 6* 


8+7:6*8] = 


sector_2 + 


8' d48; 


filename [ 5 * 


8+7:5*8] = 


sector_l + 


8' d4 8; 


filename [ 4 * 


8+7:4*8] = 


sector_0 + 


8' d4 8; 


// 








filename [ 2 1 


*8+7 : 21*8] 


= DRIVE + i 


V d4 8; 


// 








if (WRITE) 
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begin 
// 

// Put data inside the buffer. 

// 

buffer [BYTE] = DATA_IN; 
// 

// Save the buffer to disk. 

// Please remember that $writememh() must 

// be enabled inside Tkgate configuration ! 

// 

$writememh ( filename, buffer); 
// 

// .Return the same data read. 

// 

_data_out = buffer [BYTE] ; 
end 
else 
begin 
// 

// Get data from disk to the buffer. 

// 

$readmemh ( filename, buffer); 
// 

// Return the data required. 

// 

_data_out = buffer [BYTE] ; 
end 

// 

// Acknowledge. 

// 

_ack = 1; 
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// 

// Wait the end of request (the negative edge) 
// before restarting the loop. 

// 

@ (negedge REQ) ; 

# 10; 

// 

// Now become ready again. 

// 

_ack = 0; 
end 
// 

assign DATA_0UT = _data_out; 

assign ACK = _ack; 

// 

endmodule 



14.18 Module "CTRL" 

The module CTRL is more complex than the previous version of 
this experimental project; apart the clock generator that is described 
in a previous section, there is also a new register, jjlRA , that can be 
used to save a return address inside the microcode (the microcode 
might contain calls and returns, provided that they are not nested). 
However, the current microcode implementation does not use inter- 
nal calls. 
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Figure 14.52. Module CTRL. 



FL 



FLO = C, carry 
FL1 = Z, zero 
FL2 = N, negative 
FL3 = V, overflow 



i rq_set_and_al lowed 



FL4 = I, IRQ enabled 

FL5 = R, IRQ requested 

FL6 = transition (bigger stack after interrupt) 

FL7 = supervisor process 



FL7:4 can be changed only by a supervisor process 



jump_to_irqjinal_approval 



irq: 0x207 




The microprogram counter (/iPC) is a 11 -bit D flip-flop with an 
adder that increments the counter value when no load is requested. 
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The adder that appears in the following figure is just a reduced mod- 
ule of the SUM32 : there are many unused output and the B input is 
also zeroed, because it is used only to increment by one, through the 
carry-in. 

Figure 14.53. Module uPC. 
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The register fiRA (microcode address) is similar to the micropro- 
gram counter, but this time the loaded value is stored incremented, 
because when the current microcode address is loaded, the return 
address to be saved should be the next address. 
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Figure 14.54. Module fiRA 
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14.19 Memory and microcode fields 

The memories for this version of the project are described by the 
following lines of TKGate code. In this version of the project, every 
component has only the required functions and so the overall control 
lines are less than before. 
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Listing 14.55. Memory banks description for TKGate. 



map 


bank [ 9 : 


0] 


Ctrl 


. map ; 


microcode 


bank [ 31 


:0] 


Ctrl 


. microO ; 


microcode 


bank [ 63 


:32] 


Ctrl 


. microl ; 


microcode 


bank [ 95 


: 64] 


Ctrl 


. micro2 ; 


microcode 


bank[123: 96] 


Ctrl 


. micro3 ; 


macrocode 


bank [ 8 : 


0] 


ram . 


ramO ; 



Listing 14.56. Fields of the microcode word, for TKGate. 

field CTRL [3:0] = {nop=0x0, stop=0xl, call=0x2, load=0x4, 

return=0x8}; 

field JUMP [9:4] = {carry_t =0x0 0 , zero_t=0x01, negat ive_t=0x02 , 

overf low_t=0x03, irq_enabled_t=0x04 , 
irq_requested_t=0x05 , transit ion_t=0x0 6 , 
supervisor_t=0x07, carry_f =0x08 , zero_f=0x09, 
negat ive_f =0x0 A, overf low_f= 0x0 B, 
irq_enabled_f =0x0C , irq_request ed_f =0x0D, 
t ransit ion_f =0x0E, supervisor_f =0x0F, 
condit iona 1=0x10, uncondit ional=0x2 0}; 

field ADDR[20:10] = {start=0x0}; 

field ALU [31 : 21] = {rank8=0x000 , rankl 6=0x0 0 1 , rank24=0x002, 

rank32=0x003, unsigned=0x000 , signed=0x004 , 
set0=0x000, setl=0x008, equal=0x040, and=0x048, 
or=0x050, xor=0x058, nxor=0x060, nor=0x068, 
nand=0x070, not=0x078, add=0x080, sub=0x088, 
addc=0x090, subb=0x098, lshl=0x0C0, lshcl=0x0C8, 
lshr=0xl00, lshcr=0xl08, ashl=0x0C0, ashr=0xl40, 
rotl=0xl80, rotr=0xlC0, carry0=0x200, 
carryl=0x240, zero0=0x208, zerol=248, 
negat ive 0=0x210 , negat ive 1=0x250 , 
overf Iow0=0x218, overf lowl=0x258, irqen0=0x22 0 , 
irqenl=0x2 60 , irqreq0=0x22 8 , irqreql=0x268, 
transition 0=0x230, trans it ionl=0x27 0, 
supervi s or 0 = 0x238 , supervisor 1 = 0x27 8 , 
enable=0x400}; 

field Ar[33:32] = {load=0xl, enable=0x2}; 

field Br [35: 34] = {load=0xl, enable=0x2}; 

field Cr[37:36] = {load=0xl, enable=0x2}; 
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field 
field 
field 
field 
field 
field 
field 
field 
field 
field 
field 
field 
field 
field 
field 
field 
field 
field 
field 
field 
field 
field 
field 



Dr [39: 38] 
Ir [41 : 40] 
Ii [45: 42] 
Jr [ 4 7 : 4 6 ] 
Ji [51 : 48] 
SPr [53 : 52] 
SPi [57 : 54] 
FPr [59 : 58] 
DA[62: 60] 
DSO [64 : 63] 
DS1 [66 
CSO [68 
CS1 [70 
PCr [72 : 71] 
PCi [76 : 73] 
SSP [78 : 77] 



65] 
67] 
69] 



TMPO [80 
TMP1 [82 
TMP2 [84 
TMP3 [8 6 
TMP4 [88 
TMP5 [90 



79] 
81] 
83] 
85] 
87] 
89] 



M[100 : 91] 



field IVT[103:101] 
field IRQ[106:104] 
field FL[109:107] 

field IOA[111:110] 
field IOC[114:112] 
field CNSv [122 : 115] 
field CNS [123: 123] 



{load=0xl, enable=0x2}; 
{load=0xl, enable=0x2}; 
{zero=0x0}; 

{load=0xl, enable=0x2}; 
{zero=0x0}; 

{load=0xl, enable=0x2}; 
{zero=0x0}; 

{load=0xl, enable=0x2}; 

{enable=0xl, i=0x0, j=0x2, sp=0x4, fp=0x6}; 
{load=0xl, enable=0x2}; 
{load=0xl, enable=0x2}, 
{load=0xl, enable=0x2}i 
{load=0xl, enable=0x2} ( 
{load=0xl, enable=0x2}; 
{zero=0x0}; 

{load=0xl, enable=0x2}; 
{load=0xl, enable=0x2}; 
{load=0xl, enable=0x2}; 
{load=0xl, enable=0x2}; 
{load=0xl, enable=0x2}; 
{load=0xl, enable=0x2}; 
{load=0xl, enable=0x2}j 
{rank8=0x000, rankl 6=0x00 1 , 

rank32=0x003, 

byte2=0x008, 

data=0x000, 



rank24=0x002, 
bytel=0x004, 



ram_oe=0x02 0 , 

unsigned=0x0 00, 



byte0=0x000, 
byte3=0x00C, 
code=0x010, 
ram_we=0x040, md_enable=0x080 , 
signed=0xl00, ir_load=0x200}; 
{load=0xl, enable=0x2, irq=0x0, int=0x4}; 
{mask_load=0xl , mask_enable=0x2 , irq_done=0x4}; 
{enable=0xl, load_bus=0x2 , 
update_bus=0x4 , load_alu=0x6}; 
{load=0xl, enable=0x2}; 
{load=0xl, enable=0x2, req=0x4}; 
{zero=0x0}; 
{enable=0xl}; 
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14.20 Opcodes 
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This version of the simple CPU has a different set of opcodes, be- 
cause the overall structure is different from the previous version, but 
the size remains of a single byte. Please notice that all the 256 com- 
binations are used and therefore there is no 'operror'. 

Table 14.57. Opcodes. 



byteO 



byte 1 byte 2 byte 3 byte 4 byte 5 byte 6 byte 7 byte 8 byte 9 



byte 
10 



byte 
11 



byte 
12 







b7 | b6 | b5 


b4 


b3 


b2 


b1 


bO 




UXU U 


UUUUUUUU 


nop 




UXU U 


nnnn 

u u u u . . . . 


store %, % 


A|B 


A|B|C|D|I|J|SP|FF 




UXl u 


u u U 1 . . . . 


load %, % 


A|B 


A|B|C|D|I|J|SP|FF 




0x2 0 


00100 . 


load8 0|1, (%) 


rank8 


sign 


l|J|SP|FP 




0x28 


00101. . . 


Ioad16 0|1, (%) 


rank16 


sign 


l|J|SP|FP 




0x30 


00110. . . 


Ioad24 0|1, (%) 


rank24 


sign 


l|J|SP|FP 




0x38 


00111. . . 


Ioad32 0|1, (%) 


rank32 


sign 


l|J|SP|FP 










byte 0 








byte 1 byte 2 byte 3 byte 4 






b7 | b6 | b5 


b4 


b3 


b2 I 


b1 


bO 




0x40 


0100000. 


Ioad8 0|1, n 


rank8 


sign 


const| 


0x42 


0100001. 


Ioad16 0|1, n 


rank16 


sign 


const16 | 


0x44 


0100010. 


Ioad24 0|1, n 


rank24 


sign 


const24 I 


0x46 


0100011. 


Ioad32 0|1, n 


rank32 


sign 


const32 | 








byteO 








bytel byte 2 byte 3 byte 4 






b7 | b6 | b5 


b4 


b3 


b2 


b1 


I bO 




0x48 


01001. . . 


lea %, (%) 


A|B 


l|J|SP|FP 




0x50 


0101 


swap %, % 


A|B 


A|B|C|D|I|J|SP|FF 




0x60 


011000. . 


store (%) 


rank8 


l|J|SP|FP 




0x64 


011001. . 


store (%) 


rank16 


l|J|SP|FP 




0x68 


011010. . 


store (%) 


rank24 


l|J|SP|FP 




0x6C 


011011. . 


store (%) 


rank32 


l|J|SP|FP 




0x70 


OHIO. . . 


push % 


A|B|C|D|I|J|SP|FF 




0x78 


01111. . . 


pop % 


A|B|C|D|I|J|SP|FF 





byte 
10 



byte 

11 



byte 
12 



byte 
10 



byte 
11 



byte 
12 



byteO 



byte 1 byte 2 byte 3 byte 4 byte 5 byte 6 byte 7 byte 8 byte 9 



byte 
10 



byte 

11 



byte 
12 



100000. 
100001. 
100010. 
100011. 
100100. 
100101. 
100110. 
100111. 



b7 | b6 | b5 | b4 | b3 | b2 


b1 | bO 


equal 


rank 


not 


rank 


and 


rank 


nand 


rank 


or 


rank 


nor 


rank 


xor 


rank 


nxor 


rank 
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n v a n 


i n i nnn 


0xA4 


1U1UU1 . . 


UXfiO 


1 U 1 U 1 u . . 


OxAC 


101011. . 


OxBO 


101100. . 


0xB4 


101101. . 


0xB8 


101110. . 


OxBC 


101111. . 


UXL-U 




0xC4 


110001. . 


0xC8 


110010. . 


OxCC 


110011 . . 


OxDO 


110100. . 


0xD4 


110101. . 


UXDo 


i i ni 1 nn 
1 1 U 1 1 U U . 


OxDA 


i i ni i m 
11U11U1 . 


OxDC 


11011100 


OxDD 


11011101 


OxDE 


1101111. 


OxEO 


1110000. 


0xE2 


1110001. 


n /i 


1 1 1 U U 1 u . 


UXlLiO 


i 1 1 nm i n 
111UU11U 


0xE7 


i 1 1 nm 1 1 
111UU111 




ill n i 

1 1 1 U 1 . . . 


OxFO 


1111000 . 


0xF2 


11110010 


0xF3 


11110011 


0xF4 


11110100 


0xF5 


11110101 



byteO 


b7 | b6 b5 b4 b3 b2 


b1 | bO 


add 


rank 


sub 


rank 


addc 


rank 


subb 


rank 


Ishl 


rank 


Ishr 


rank 


ashl 


rank 


ashr 


rank 


byteO 


b7 | b6 | b5 | b4 | b3 | b2 


b1 | bO 


rotcl 


rank 


rotcr 


rank 


rati 


rank 


rotr 


rank 


utrunc 


rank 


strunc 


rank 



bytel byte 2 byte 3 byte 4 byte 5 byte 6 byte 7 byte 8 byte 9 



byte byte byte 
10 11 12 



bytel byte 2 byte 3 byte 4 byte 5 byte 6 byte 7 byte 8 byte 9 



byte byte byte 
10 11 12 



byteO 



bytel byte 2 byte 3 byte 4 byte 5 byte 6 byte 7 byte 8 byte 9 



byte byte byte 
10 11 12 



b7 | b6 | b5 | b4 | b3 | b2 | b1 


bO 


clear 


A|B 


set 


A|B 


comp 


test 


flag_cO|1 


set 


flag_i 0|1 


set 


flag_tO|1 


set 



byte 0 



bytel byte 2 byte 3 byte 4 byte 5 byte 6 byte 7 byte 8 byte 9 



byte byte byte 
10 11 12 



b7 | b6 | b5 | b4 | b3 | b2 | b1 


bO 




call (%) 


l|J 


call #ref 


#ref 


return 




jump %flag 0|1 #ref j %flag 


TRUE 


#ref 


jump (%) 


l|J 




imrl 


mask| 


ivtl 


#ref 


int 


Int | 


iret 





byteO 



byte 1 byte 2 byte 3 byte 4 byte 5 byte 6 byte 7 byte 8 byte 9 



byte byte byte 
10 11 12 







b7 | b6 | b5 | b4 | b3 | b2 


b1 


bO 










0xF6 


1111011. 


in n 


A|B 


port 








0xF8 


1111100. 


out n 


A|B 


port 








OxFA 


11111010 


memcpy 




#src 


#dst 


size 


OxFB 


11111011 


store_ssp 










OxFC 


11111100 


jump 


#ref 






OxFD 


11111101 


jump csO, cs1, #ref 


csO 


cs1 


#ref | 


OxFE 


11111110 


jump dsO, ds1 


dsO 


ds1 




OxFF 


11111111 


halt 
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Table 14.58. Macrocode syntax. 



iviacrocoQe syntax 


uescrrption 


nop 


Not operate. 


store %A | %B, ^ 

^ %A | %B | %C | %D | %I | %J | %SP | %FP 

store %src, %<fcf 

load %A | %B | %C | %D | %I | %J | %SP | %FP, ^ 

^ %A %B 

load %dst, %src 


Copy the src register con- 
tent inside the dst register. 


load8 0, (%I %J %SP %FP) 


Load an unsigned 8 -bit 
value from the memory, 
at the address specified 
by the register that ap- 
pears inside parentheses 
plus /, but if the regis- 
ter J is specified, no ad- 
dition is made to the ad- 
dress. The value loaded 
from the memory is stored 
inside the register A . 
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Macrocode syntax 



Description 



load8 1, (%I %J %SP %FP) 



Load a signed 8 -bit value 
from the memory, at the 
address specified by the 
register that appears inside 
parentheses plus /, but if 
the register J is specified, 
no addition is made to the 
address. The value loaded 
from the memory is stored 
inside the register A . 



loadl 6 


0 


1, 


(%I 


%J 


%SP 


%FP) 




load24 


0 


1, 


(%I 


%J 


%SP 


%FP) 


As above, but loading a 












16, 24 or 32-bit value. 


load32 


0 


1, 


(%I 


%J 


%SP 


%FP) 





load8 0 1, value 



Load the specified value 
as unsigned or signed 8- 
bit, into the A register. 



loadl 6 0 1, value 
load2 4 0 1, value 
load32, 0 1 value 



As above, but loading a 
16, 24 or 32-bit value. 
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Macrocode syntax 



Description 



lea %A %B, (%I 



%J 



%SP %FP) 



Load inside the register 
A or 5 the address con- 
tained inside the register 
in parentheses, plus the 
value of J. But if J was 
specified, it is just loaded 
as it is. 



swap %A | %B, ^ 

(%A I %B I %C I %D I %I I %J I %SP I %FP) 



Swap the value of the first 
argument, with the one of 
the second. 



store8 (%I %J %SP %FP) 



storel6 (%I 



store24 (%I 



store32 (%I 



%J 



%J 



%J 



£SP %FP) 



%SP 



%SP 



%FP) 



%FP) 



Store an 8, 16, 24 or 32-bit 
value from the register A , 
to the address specified by 
the register in parentheses. 
If the register is not /, its 
value is added to J to find 
the destination address. 



push %A I %B, ^ 





%A | 


%B | 


%C 


%D 


%I 


%J 


%SP 


%FP 


pop 


%A | %B, 


















%A | 


%B | 


%C 


%D 


%I 


%J 


%SP 


%FP 



Push or pop the specified 
register. Push means that 
the SP register is decre- 
mented by 4 and at the 
memory location that SP 
points, the specified regis- 
ter is saved. Pop means to 
read from the address re- 
ported by the SP register a 
value that is then stored in- 
side the register specified. 
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Macrocode syntax 


Description 


equal8 




equall 6 
equal2 4 


A <— A , updating the flags. 
The number specify the 
rank; the result is sign- 
extended if necessary. 


equal32 




not8 




not 1 6 
not24 


A <r- ~A, updating the 
flags. The number specify 
the rank; the result is sign- 
extended if necessary. 


not 32 




and8 




andl 6 
and2 4 


A «— A & B, updating the 
flags. The number specify 
the rank; the result is sign- 
extended if necessary. 


and32 
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Macrocode syntax 


Description 


na.nd.8 






A <— ~(A 6L B), updat- 


n 3 nH 1 f\ 

lldllUl u 


ing tne nags, ine number 




specny me ranK, me resuii 


nsnH94 


IIS ISlgil-CAlCilLlCLl 11 11CUCIS- 




sary. 


nand32 




or8 




or 1 6 


a <— a i />, updating tne 


flaps The number snecifv 


or24 


the rank; the result is sign- 




extended if necessary. 


or32 




nor8 






A «— ~(A 1 />), updat- 


11UL _L U 


mg tne nags, ine number 




specny me ranK, me resuii 


nnr?4 


IIS ISlgll-CALCllUCLl 11 11CUCIS- 




sary. 


nor32 
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Macrocode syntax 


Description 


xor8 




xorl 6 
xor2 4 


A <- A A B, updating the 
flags. The number specify 
the rank; the result is sign- 
extended if necessary. 


xor32 




nxor 8 




nxor 1 6 
nxor24 


A < (A A B), updat- 
ing the flags. The number 
specny me ranK, me resuii 
is sign-extended if neces- 


nxor32 


sary. 


add8 




addl 6 
add2 4 


A <— A + B, updating the 
flags. The number specify 
the rank; the result is sign- 
extended if necessary. 


add32 
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Macrocode syntax 


Description 


sub8 




subl 6 
sub24 


A <— A + B, updating the 
flags. The number specify 
the rank; the result is sign- 
extended if necessary. 


sub32 




addc8 




addcl 6 
addc24 


A <- A + B + carry, up- 
dating the flags. The num- 
oer specny me ranK, ine 
result is sign-extended if 


addc32 


necessary. 


subb8 




subbl 6 
subb24 


A «— A - B - borrow, up- 
dating the flags. The num- 
oer specny me ranK, ine 
result is sign-extended if 


subb32 


necessary. 
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Macrocode syntax 


Description 


lshl8 




lshll6 
lshl24 


A <— A«l, updating the 
flags. The number specify 
the rank; the result is sign- 
extended if necessary. 


lshl32 




lshr8 




lshr 1 6 
lshr24 


A ^— lshr A»l, updat- 
ing the flags. The number 
specny me ranK, me resuii 
is sign-extended if neces- 


lshr32 


sary. 


ashl8 




ashll6 
ashl24 


A A«<1, updating the 
flags. The number specify 
the rank; the result is sign- 
extended if necessary. 


ashl32 
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Macrocode syntax 


Description 


ashr 8 




ashr 1 6 
ashr24 


A A»>1, updating the 
flags. The number specify 
the rank; the result is sign- 
extended if necessary. 


ashr32 




rotcl8 




rotcll 6 
rotcl24 
rotcl32 


A rotcl A (rotate left 
with carry), updating the 
flags. The number specify 
the rank; the result is sign- 
extended if necessary. 


rotcr8 




rotcrl 6 
rotcr2 4 
rotcr32 


A «— rotcr A (rotate right 
with carry), updating the 
flags. The number specify 
the rank; the result is sign- 
extended if necessary. 
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Macrocode syntax 


Description 


rot 18 






A rotl A (rotate left), 


rot- 1 1 ft 


updating me nags, ine 




numoer specny me ranK, 


rot 1 ? 4 

L U L -L <1j T 


flip t*f ciilf ic ci frn PYtptinpn 
LI1C ICISUll IIS ISlgIl _ CAlCIlLlCLl 




if necessary. 


rotl32 




r o1~ r 8 

-1— \S \ -1— \J 






A 4— rotr A (rotate right), 


y c\ f~ v 1 (~\ 

1 U L 1 1 l) 


updating me nags, ine 




numoer specny me ranK, 


T* Pit" r ? 4 

_1_ w L J- ^ ^ 


LI1C ICISUll IIS ISlgll-CALCIlLlCLl 




if necessary. 


rotr32 




Ull^J- UL 1 JA \J 






i runcate me a value at me 


ULI U.I1C. ± 0 


rank specified by the num- 




ber attached to the name. 




i ne value is intended to ue 




unsigned. 


ut runc32 





Version "F": 32-bit registers, big-endian, privileges 



1137 



Macrocode syntax 


Description 


strunc8 
st runcl 6 
strunc24 
st runc32 


Truncate the A value at the 
rank specified by the num- 
ber attached to the name. 
The value is intended to be 
signed. 


clear %A 
set %A %I 


%B 


Set the specified register 

lo zeio OI LO — 1. 


comp 


upciaie ine nags wiin ine 
result of A-B. 


test 


upciaie ine nags wiin ine 
result of ASlB. 


flag_c 0 


1 


Clear or set the carry flag. 


flag_i 0 


1 


Clear or set the interrupt 
allowed flag: can be used 
only by a supervisor pro- 
cess. 


flag_t 0 


1 


Clear or set the transition 
nag. can oe useci omy oy a 
supervisor process. 
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Macrocode syntax 


Description 


call address 
call ilabel 
call (%I %J) 


Call a procedure, specified 
by its numerical address, 
label or by registers / and 
j • 


return 


Returns from a procedure 
call: it pops the PC value 
from the stack. 


jump address 
call ilabel 
jump (%I %J) 


Jump to the specified des- 
tination, unconditionally. 


j ump 0 1 , 

; " 5 ' %carry %borrow %zero^ 
%negative ^overflow, 
address % label 


Jump to the specified des- 
tination, if the named flag 
is clear or set. 


imrl 


Load the interrupt mask. 


ivtl address # label 


Load the IVT: interrupt 
vector table. The argu- 
ment is the interrupt vec- 
tor table start address m 
memory. 
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Macrocode syntax 



Description 



int n8 



iret 



jump addressO , addressl 



Software interrupt call: 
some registers are pushed 
onto the stack, depend- 
ing on the current process 
privileges. 

Return from an interrupt, 
restoring the registers pre- 
viously pushed by the int 
instruction or by another 
interruption. The instruc- 
tion iret, if the stack is 
properly prepared, allows 
to a supervisor process to 
create a user process into 
particular code and data 
segments. 

This is an alternative way 
to change the data seg- 
ment, assigning the first 
argument to register DSO 
and the second to DS1. 
This instruction is avail- 
able only to a supervisor 
process. 
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Macrocode syntax 



Description 



j ump addressO , addressl , start 
% label 



This is an alternative way 
to change the code seg- 
ment, assigning the first 
argument to register CSO, 
the second to CS1 and the 
third to PC. This instruc- 
tion is available only to a 
supervisor process. 



store_ssp 



Assign to register SSP the 
value of A. The register 
SSP is used to save the su- 
pervisor stack pointer. 



memcpy src, dst , count 



Copy count bytes from 
src to dst. Source and des- 
tination can be specified 
numerically or by labels. 



in %A 



%B, n 



Read, from the I/O ad- 
dress specified, a byte that 
is copied inside register A 
or B . Also the flags are up- 
dated. 



out %A 



halt 



%B, n 



Write, to the I/O address 
specified, a byte that is 
read from register A or B. 

Stop the system. 
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Listing 14.59. Registers, flags and opcodes encoded for TKGate. 



registers A=0, 


B=l, C=2, 


D=3, 1=4, J= 


= 5, 


SP=6, FP=7; 


registers carry 


=0, borrow=0, 


zero=l , 


negative=2, overflow=3; 


// 
































op nop { 














map 


nop : 


0x00; 


// not operate 




operands { - 

}; 


= { +0=0x00; 


}; }; 








op store { 














map 


nop : 


0x00; 


// 


00000000 




store 


%A, %A = nop 


map 


st_a_b : 


0x01; 


// 


00000001 




store 


%A, %B 


map 


st_a_c : 


0x02; 


// 


00000010 


= 


store 


%A, %C 


map 


st_a_d : 


0x0 3; 


// 


00000011 


= 


store 


%A, %D 


map 


st_a_i : 


0x0 4; 


// 


00000100 




store 


%A, %I 


map 


st_a_j : 


0x0 5; 


// 


00000101 


= 


store 


%A, %J 


map 


st_a_sp : 


0x0 6; 


// 


00000110 




store 


%A, %SP 


map 


st_a_f p : 


0x0 7; 


// 


00000111 




store 


%A, %FP 


map 


st_b_a : 


0x08; 


// 


00001000 


= 


store 


%B, %A 


map 


nop : 


0x09; 


// 


00001001 




store 


%B, %B = nop 


map 


st_b_c : 


OxOA; 


// 


00001010 


= 


store 


%B, %C 


map 


st_b_d : 


OxOB; 


// 


00001011 


= 


store 


%B, %D 


map 


st_b_i : 


OxOC; 


// 


00001100 


= 


store 


%B, %I 


map 


st_b_j : 


OxOD; 


// 


00001101 


— 


store 


%B, %J 


map 


st_b_sp : 


OxOE; 


// 


00001110 


= 


store 


%B, %SP 


map 


st_b_f p : 


OxOF; 


// 


00001111 


= 


store 


%B, %FP 


operands { 














%1,%2 = { 

}; 


+0=0x00; 


+ 0 [ 


3: 3] =%1; 


+ 0 


[2:0]= 


=%2 ; } ; 


}; 

op load { 














map 


nop : 


0x10; 


// 


00010000 




load 


%A, %A = nop 


map 


ld_a_b : 


0x11; 


// 


00010001 




load 


%A, %B 


map 


ld_a_c : 


0x12; 


// 


00010010 




load 


%A, %C 


map 


ld_a_d : 


0x13; 


// 


00010011 




load 


%A, %D 


map 


ld_a_i : 


0x14; 


// 


00010100 




load 


%A, %I 


map 


ld_a_j : 


0x15; 


// 


00010101 




load 


%A, %J 


map 


ld_a_sp : 


0x16; 


// 


00010110 




load 


%A, %SP 


map 


ld_a_f p : 


0x17; 


// 


00010111 




load 


%A, %FP 


map 


ld_b_a : 


0x18; 


// 


00011000 




load 


%B, %A 
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map 


nop : 


0x19; 


// 


00011001 




load %B, %B = 


nop 




map 


ld_b_c : 


OxlA; 


// 


00011010 





load %B, %C 






map 


ld_b_d: 


OxlB; 


// 


00011011 





load %B, %D 






map 


ld_b_i : 


OxlC; 


// 


00011100 





load %B, %I 






map 


ld_b_j : 


OxlD; 


// 


00011101 


_ 


load %B, %J 






map 


ld_b_sp : 


OxlE; 


// 


00011110 


— 


load %B, %SP 






map 


ld_b_f p : 


OxlF; 


// 


00011111 


= 


load %B, %FP 






operands { 
















%1,%2 = { 

}; 


+0=0x10; 


+ 0 [ 


3: 3] =%1; 


+ 0 


[2:0]=%2; }; 






}; 
// 


















op load8 { 
















map 


ld8ur_i : 


0x20; 


// 


00100000 





load8 0, %I = 


A <- (I+J) 


unsign 


map 


ld8ur_j : 


0x21; 


// 


00100001 





load8 0, %J = 


A <- (J) 


unsign 


map 


ld8ur_sp : 


0x22; 


// 


00100010 





load8 0, %SP = 


A <- (SP+J) 


unsign 


map 


ld8ur_f p : 


0x23; 


// 


00100011 





load8 0, %FP = 


A <- (FP+J) 


unsign 


map 


ld8sr_i : 


0x24; 


// 


00100100 





load8 1, %I = 


A <- (I+J) 


signed 


map 


ld8sr_ j : 


0x25; 


// 


00100101 





load8 1, %J = 


A <- (J) 


signed 


map 


ld8sr_sp : 


0x26; 


// 


00100110 





load8 1, %SP = 


A <- (SP+J) 


signed 


map 


ld8sr_fp : 


0x27; 


// 


00100111 


_ 


load8 1, %FP = 


A <- (FP+J) 


signed 


map 


ld8u: 


0x40; 


// 


01000000 


_ 


load8 0, n = 


A <- n 


unsign 


map 


ld8s : 


0x41; 


// 


01000001 





load8 1, n — 


A <- n 


signed 


operands { 
















#1, (%2) = { 


+0=0x20; 


+ 0 [ 


2 : 2] =#1; 


+ 0 


[1:0]=%2; }; 






#1,#2 = { 

}; 


+0=0x40; 


+ 0 [ 


0:0]=#1; 


+1 


=#2[7:0]; }; 






}; 

op loadl6 { 
















map 


ldl 6ur_i : 


0x28; 


// 


00101000 





loadl6 0, %I 


= A <- (I+J) 


unsign 


map 


ldl 6ur_j : 


0x29; 


// 


00101001 





loadl6 0, %J 


= A <- (J) 


unsign 


map 


ldl 6ur_sp 


0x2A; 


// 


00101010 





loadl6 0, %SP 


= A <- (SP+J) 


unsign 


map 


ldl 6ur_f p 


0x2B; 


// 


00101011 





loadl6 0, %FP 


= A <- (FP+J) 


unsign 


map 


ldl6sr_i : 


0x2C; 


// 


00101100 





loadl6 1, %I 


= A <- (I+J) 


signed 


map 


ldl 6sr_j : 


0x2D; 


// 


00101101 





loadl6 1, %J 


= A <- (I+J) 


signed 


map 


ldl 6sr_sp 


0x2E; 


// 


00101110 





loadl6 1, %SP 


= A <- (SP+J) 


signed 


map 


ldl 6sr_f p 


0x2F; 


// 


00101111 


— 


loadl6 1, %FP 


= A <- (FP+J) 


signed 


map 


ldl6u: 


0x42; 


// 


01000010 


_ 


loadl6 0, n 


= A <- n 


unsign 


map 


ldl6s : 


0x43; 


// 


01000011 




load!6 1, n 


= A <- n 


signed 


operands { 
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#1, (%2) = 




+0=0x28; 


+ 0 [ 


2 : 2] =#1; 


+ 0 


[1 : 0] =%2; 


}; 












#1,#2 

}; 


{ 


+0=0x42; 


+ 0 [ 


0:0]=#1; 


+1 


=#2 [15: 


8] ; 


+2 = 


#2 


[7 


:0] 


; }; 




}; 

op load24 { 




























map ld24ur_ 


_i : 


0x30; 


// 


00110000 





load24 


0 r 


%I 





A 


<- 


(%+j) 


unsign 


map ld24ur_ 


_j : 


0x31; 


// 


00110001 





load24 


0 r 


%J 





A 


<- 


(J) 


unsign 


map ld24ur_ 


_sp 


0x32; 


// 


00110010 





load24 


Or 


%SP 





A 


<- 


(SP+J) 


unsign 


map ld24ur_ 


fp 


0x33; 


// 


00110011 





load24 


Or 


%FP 





A 


<- 


(FP+J) 


unsign 


map ld24sr_ 


_i : 


0x34; 


// 


00110100 





load24 


1, 


%J 





A 


<- 


(I+J) 


signed 


map ld24sr_ 


_j : 


0x35; 


// 


00110101 





load24 


1, 


%J 





A 


<— 


(J) 


signed 


map ld24sr_ 


_sp 


0x3 6; 


// 


00110110 





load24 


1, 


%SP 





A 


<— 


(SP+J) 


signed 


map ld24sr_ 


fp 


0x37; 


// 


00110111 


— 


load24 


1, 


%FP 


— 


A 


<— 


(FP+J) 


signed 


map ld24u: 




0x44; 


// 


01000100 


_ 


load24 


Or 


n 


_ 


A 


<— 


n 


unsign 


map ld24s: 




0x4 5; 


// 


01000101 





load24 


lr 


n 





A 


<— 


n 


signed 


operands { 




























#1, (%2) = 


{ 


+0=0x30; 


+ 0 [ 


2:2]=#1; 


+ 0 


[1 : 0] =%2; 


}; 












#1,#2 




+0=0x44 ; 


+ 0 [ 


0 : 0] =#1; 


+ 1 


=#2 [24 : 


16] 


; +2 


= #2 [ 


15 : 


8] ; 




}; 




+ 3=#2 [7 : 


0] ; 


}; 




















}; 

op load32 { 




























map ld32ur_ 


_i : 


0x3 8; 


// 


00111000 





load32 


Or 


%i 




A 


<- 


(I+J) 


unsign 


map ld32ur_ 


_j : 


0x3 9; 


// 


00111001 





load32 


Or 


%J 




A 


<— 


(J) 


unsign 


map ld32ur_ 


_sp 


0x3A; 


// 


00111010 





load32 


Or 


%SP 




A 


<- 


(SP+J) 


unsign 


map ld32ur_ 


fp 


0x3B; 


// 


00111011 





load32 


Or 


%FP 




A 


<— 


(FP+J) 


unsign 


map ld32sr_ 


_i : 


0x3C; 


// 


00111100 





load32 


lr 


%J 




A 


<— 


(I+J) 


signed 


map ld32sr_ 


_j : 


0x3D; 


// 


00111101 





load32 


lr 


%J 




A 


<— 


(J) 


signed 


map ld32sr_ 


_sp 


0x3E; 


// 


00111110 





load32 


lr 


%SP 




A 


<- 


(SP+J) 


signed 


map ld32sr_ 


fp 


0x3F; 


// 


00111111 


— 


load32 


lr 


%FP 




A 


<- 


(FP+J) 


signed 


map ld32u: 




0x46; 


// 


01000110 


_ 


load32 


Or 


n 




A 


<- 


n 


unsign 


map ld32 s : 




0x47; 


// 


01000111 





load32 


lr 


n 




A 


<- 


n 


signed 


operands { 




























#1, (%2) = 


{ 


+0=0x38; 


+ 0 [ 


2:2]=#1; 


+ 0 


[1 : 0] =%2; 


}; 












#1,#2 




+0=0x46; 


+ 0 [ 


0:0]=#1; 




















}; 




+1=#2 [31 


:24] 


; +2=#2[23: 


16]; +3 


= #2 [15: 


8] 


f 


+ 4 = 


= #2 [7:0 


; }; 


}; 

op lea { 




























map lea_a_i: 


0x48; 


// 


01001000 




lea %A, 


(%I) 




A 


<— 


lea (I+J) 
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map 


lea_a_j : 




0x49; 


// 


01001001 




lea 


%A, 


(%J) 




A <- 


lea (J) 


map 


lea_a_sp 




0x4A; 


// 


01001010 





lea 


%A, 


(%SP) 





A <- 


lea (SP+J) 


map 


lea_a_f p 




0x4B; 


// 


01001011 





lea 


%A, 


(%FP) 





A <- 


lea (FP+J) 


map 


lea_b_i : 




0x4C; 


// 


01001100 





lea 


%B, 


(%I) 





B <- 


lea (I+J) 


map 


lea_b_ j : 




0x4D; 


// 


01001101 


— 


lea 


%B, 


(%J) 


— 


B <- 


lea (J) 


map 


lea_b_sp 




0x4E; 


// 


01001110 


— 


lea 


%B, 


(%SP) 


_ 


B <- 


lea (SP+J) 


map 


lea_b_fp 




0x4F; 


// 


01001111 


= 


lea 


%B, 


(%FP) 


= 


B <- 


lea (FP+J) 


operands { 
























%1, (%2) = { 

}; 


+0=0x48; 


+ 0 [ 


2 : 2] =%1; 


+ 0 


[1:0 


=%2; }; 








}; 

op swap { 
























map 


swap_a_a 




0x50; 


// 


01010000 


_ 


swap 


%A, 


%A 




not 


impl emen ted 


map 


swap_a_b 




0x51; 


// 


01010001 





swap 


%A, 


%B 




not 


impl emen ted 


map 


swap_a_c 




0x52; 


// 


01010010 





swap 


%A, 


%C 




not 


impl emen ted 


map 


swap_a_d 




0x53; 


// 


01010011 





swap 


%A, 


%D 




not 


impl emen ted 


map 


swap_a_i 




0x54; 


// 


01010100 


_ 


swap 


%A, 


%I 




not 


impl emen ted 


map 


swap_a_j 




0x55; 


// 


01010101 


_ 


swap 


%A, 


%J 




not 


impl emen ted 


map 


swap_a_sp 


0x56; 


// 


01010110 


_ 


swap 


%A, 


%SP 




not 


impl emen ted 


map 


swap_a_f p 


0x57; 


// 


01010111 





swap 


%A, 


%FP 




not 


impl emen ted 


map 


swap_b_a 




0x58; 


// 


01011000 





swap 


%B, 


%A 




not 


impl emen ted 


map 


swap_b_b 




0x59; 


// 


01011001 





swap 


%B, 


%B 




not 


impl emen ted 


map 


swap_b_c 




0x5A; 


// 


01011010 


_ 


swap 


%B, 


%C 




not 


impl emen ted 


map 


swap_b_d 




0x5B; 


// 


01011011 


_ 


swap 


%B, 


%D 




not 


impl emen ted 


map 


swap_b_i 




0x5C; 


// 


01011100 


_ 


swap 


%B, 


%I 




not 


impl emen ted 


map 


swap_b_j 




0x5D; 


// 


01011101 


— 


swap 


%B, 


%J 




not 


impl emen ted 


map 


swap_b_sp 


0x5E; 


// 


01011110 


_ 


swap 


%B, 


%SP 




not 


impl emen ted 


map 


swap_b_f p 


0x5F; 


// 


01011111 


= 


swap 


%B, 


%FP 




not 


impl emen ted 


operands { 
























%1,%2 = { 

}; 


+0=0x50; 


+ 0 [ 


3: 3] =%1; 


+ 0 


[2:0 


=%2 


; }; 








}; 

op store8 { 
























map 


st 8r_i : 




0x60; 


// 


01100000 





store8 (%I) 





M(I+J) <- A 


map 


st 8r_j : 




0x61; 


// 


01100001 


— 


store8 ( 




= 


M(J) 


<- A 


map 


st 8r_sp : 




0x62; 


// 


01100010 


— 


store8 (%SP) 


= 


M(SP+J) <- A 


map 


st 8r_f p : 




0x63; 


// 


01100011 


= 


store8 (%FP) 


= 


M(FP+J) <- A 


operands { 
























(* 

}; 


1) = { +0= 


=0x60; +0 


[1:0 


]=%i; }; 
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}; 

op storel6 { 


























map stl6r_i: 


0x64 




// 


01100100 





storel 6 


(%I) 





M(I+J) 


<— 


A 


map st 1 6r_ j : 


0x65 




// 


01100101 


_ 


storel 6 


(%J) 


_ 


M(J) <- 


A 




map stl6r_sp: 


0x66 




// 


01100110 


_ 


storel 6 


(%SP) 


— 


M(SP+J) 


<- 


- A 


map stl6r_fp: 


0x67 




// 


01100111 


= 


storel 6 


(%FP) 


= 


M(FP+J) 


<• 


- A 


operands { 


























(%D = { 

}; 


+ 0 


=0x64; +0 


:i : o 


]=%i; }; 
















}; 

op store24 { 


























map st24r_i: 


0x68 




// 


01101000 





store24 


(%I) 





M(I+J) 


<— 


A 


map st24r_j : 


0x69 




// 


01101001 


— 


store24 


(%J) 


— 


M(J) <- 


A 




map st24r_sp: 


0x6A 




// 


01101010 


_ 


store24 


(%SP) 


_ 


M(SP+J) 


<• 


- A 


map st24r_fp: 


0x6B 




// 


01101011 


= 


store24 


(%FP) 


= 


M(FP+J) 


<• 


- A 


operands { 


























(%D = { 

}; 


+ 0 


=0x68; +0 


:i : o 


]=%i; }; 
















}; 

op store32 { 


























map st32r_i: 


0x6C 




// 


01101100 





store32 


(%I) 





M(I+J) 


<- 


A 


map st 32r_j : 


0x6D 




// 


01101101 


_ 


store32 


(%J) 


_ 


M(J) <- 


A 




map st32r_sp: 


0x6E 




// 


01101110 


_ 


store32 


(%SP) 


_ 


M(SP+J) 


<• 


- A 


map st32r_fp: 


0x6F 




// 


01101111 


= 


store32 


(%FP) 


= 


M(FP+J) 


<• 


- A 


operands { 


























(%D = { 

}; 


+ 0 


=0x6C; +0 


:i : o 


]=%i; }; 
















}; 

op push { 


























map push_a 




0x70 




// 


01110000 


_ 


push %A 












map push_b 




0x71 




// 


01110001 


_ 


push %B 












map push_c 




0x72 




// 


01110010 


_ 


push %C 












map push_d 




0x73 




// 


01110011 


_ 


push %D 












map push_i 




0x74 




// 


01110100 





push %I 












map push_j 




0x75 




// 


01110101 


— 


push %J 












map push_sp: 


0x76 




// 


01110110 


_ 


push %SP 












map push_fp: 


0x77 




// 


01110111 


= 


push %FP 












operands { 


























%1 = { +0=0x70; +0 

}; 


2 


0] = 


%i; }; 
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}; 

op pop { 

J. J. J. L 






















map pop_a 




0x78 




// 


01111000 





pop %A 








map pop_b 




0x79 




// 


01111001 





pop %B 








map pop_c 




0x7A 




// 


01111010 


_ 


pop %C 








map pop_d 




0x7B 




// 


01111011 


_ 


pop %D 








map pop_i 




0x7C 




// 


01111100 


_ 


pop %I 








map pop_j 




0x7D 




// 


01111101 


— 


pop %J 








map pop_sp : 


0x7E 




// 


01111110 


_ 


pop %SP 








map pop_f p : 


0x7F 




// 


01111111 


= 


pop %FP 








operands { 




















%1 = { +0=0x7 

}; 


8; +0 


2 


:0] = 


%i; }; 












}; 

op equal8 { 






















map equals 


3s : 


0x80; 


// 


10000000 




equal8 %A 




A 


<- A 


operands { - = 

}; 


{ +0=0xi 


30; 


}; }; 












op equall6 { 




















map equall 6s : 


0x81; 


// 


10000001 


= 


equall 6 %A 


= 


A 


<- A 


operands { - = 

}; 


{ +0=0xi 


31; 


}; }; 












op equal24 { 




















map equal2 4 s : 


0x82; 


// 


10000010 


= 


equal24 %A 


= 


A 


<- A 


operands { - = 

}; 


{ +0=0xi 


32; 


}; }; 












op equal32 { 




















map equal32s : 


0x83; 


// 


10000011 


= 


equal32 %A 


= 


A 


<- A 


operands { - = 

1 . 


{ +0=0xi 


33; 


}; }; 












J r 

op not 8 { 






















map not 8s 




0x84; 


// 


10000100 


= 


not 8 %A = 


A 


<- 


■ ~A 


operands { - = 

1 . 


{ +0=0xi 


34; 


}; }; 












J r 

op not 16 { 






















map not 16s: 


0x85; 


// 


10000101 


= 


notl6 %A = 


A 


<- 


■ ~A 


operands { - = 

1 . 


{ +0=0xi 


35; 


}; }; 












J r 

op not24 { 






















map not24s : 


0x86; 


// 


10000110 




not24 %A = 


A 


<- 


■ ~A 
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operands { - 

}; 


= { 


+0=0x86; 


}; }; 






op not32 { 
map not 32s : 
operands { - 

}; 


= { 


0x87; // 
+0=0x87; 


10000111 

}; }; 




not32 %A = A <— ~A 


op and8 { 
map and8s: 
operands { - 

}; 


= { 


0x88; // 
+0=0x88; 


10001000 

}; }; 




and8 %A = A <— A&B 


op andl6 { 
map andl 6s : 
operands { - 

}; 


= { 


0x8 9; // 

+0=0x89; 


10001001 

}; }; 




andl 6 %A = A <— A&B 


op and24 { 
map and2 4 s : 
operands { - 

}; 


= { 


0x8A; // 
+0=0x8A; 


10001010 

}; }; 




and24 %A = A <— A&B 


op and32 { 
map and32s : 
operands { - 

}; 


= { 


0x8B; // 
+0=0x8B; 


10001011 

}; }; 




and32 %A = A <— A&B 


op nand8 { 
map nand8s : 
operands { - 

}; 


= { 


0x8C; // 
+0=0x8C; 


10001100 

}; }; 




nand8 %A = A <— ~A&B 


op nandl 6 { 
map nandl 6s : 
operands { - 

}; 


= { 


0x8D; // 
+0=0x8D; 


10001101 

}; }; 




nandl 6 %A = A <— ~A&B 


op nand24 { 
map nand24s: 
operands { - 

}; 


= { 


0x8E; // 
+0=0x8E; 


10001110 

}; }; 




nand24 %A = A <— ~A&B 


op nand32 { 
map nand32 s : 
operands { - 

}; 


= { 


0x8F; // 
+0=0x8F; 


10001111 

}; }; 




nand32 %A = A <— ~A&B 


op or 8 { 
map or8s : 




0x90; // 


10010000 




or8 %A = A <— A/B 
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operands { - 

}; 


" = { 


+0=0x90; 


}; }; 










op or 16 { 
map or 1 6s : 
operands { - 

}; 


" = { 


0x91; // 
+0=0x91; 


10010001 

}; }; 




or 16 %A = 


■ A <- 


A/B 


op or24 { 
map or24 s : 
operands { - 

}; 


" = { 


0x92; // 
+0=0x92; 


10010010 

}; }; 




or24 %A = 


■ A <- 


AjB 


op or 3 2 { 
map or 32 s : 
operands { - 

}; 


" = { 


0x93; // 
+0=0x93; 


10010011 

}; }; 




or32 %A = 


■ A <- 


A/B 


op nor8 { 
map nor8s: 
operands { - 

}; 


" = { 


0x94; // 
+0=0x94; 


10010100 

}; }; 




nor 8 %A 


= A <- 


- ~A/B 


op norl6 { 
map nor 1 6s : 
operands { - 

}; 


" = { 


0x95; // 
+0=0x95; 


10010101 

}; }; 




norl6 %A 


= A <■ 


- ~A/B 


op nor24 { 
map nor2 4 s : 
operands { - 

}; 


" = { 


0x9 6; // 

+0=0x96; 


10010110 

}; }; 




nor24 %A 


= A <- 


- ~A/B 


op nor32 { 
map nor32s : 
operands { - 

}; 


" = { 


0x97; // 
+0=0x97; 


10010111 

}; }; 




nor32 %A 


= A <■ 


- ~A/B 


op xor8 { 
map xor8s: 
operands { - 

}; 


" = { 


0x98; // 
+0=0x98; 


10011000 

}; }; 




xor8 %A 


= A <■ 


- A A B 


op xorl6 { 
map xor 1 6s : 
operands { - 

}; 


" = { 


0x9 9; // 

+0=0x99; 


10011001 

}; }; 




xor 16 %A 


= A <- 


- A A B 


op xor24 { 
map xor24s : 




0x9A; // 


10011010 




xor24 %A 


= A <■ 


- A A B 
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operands { - 

}; 


= { 


+0=0x9A; 


}; }; 










op xor32 { 
map xor32s : 
operands { - 

}; 


= { 


0x9B; // 
+0=0x9B; 


10011011 

}; }; 




xor32 %A = 


A <- 




op nxor8 { 
map nxor8s : 
operands { - 

}; 


= { 


0x9C; // 
+0=0x9C; 


10011000 

}; }; 




nxor8 %A 


= A <■ 


- ~A A B 


op nxorl6 { 
map nxor 1 6s : 
operands { - 

}; 


= { 


0x9D; // 
+0=0x9D; 


10011001 

}; }; 




nxorl 6 %A 


= A <■ 


- ~A A B 


op nxor24 { 
map nxor24s: 
operands { - 

}; 


= { 


0x9E; // 
+0=0x9E; 


10011010 

}; }; 




nxor24 %A 


= A <■ 


- ~A A B 


op nxor32 { 
map nxor32s: 
operands { - 


= { 


0x9F; // 
+0=0x9F; 


10011011 

}; }; 




nxor32 %A 


= A <■ 


- ~A A B 


}; 

op add8 { 
map add8s: 
operands { - 

}; 


= { 


OxAO; // 
+0=0xA0; 


10100000 

}; }; 




add8 %A = 


A <- 


A+B 


op addl6 { 
map addl 6s : 
operands { - 

}; 


= { 


OxAl; // 
+0=0xAl; 


10100001 

}; }; 




addl 6 %A = 


A <- 


A+B 


op add24 { 
map add2 4s : 
operands { - 


= { 


0xA2; // 
+0=0xA2; 


10100010 

}; }; 




add24 %A = 


A <- 


A+B 


}; 

op add32 { 
map add32s : 
operands { - 

}; 


= { 


0xA3; // 
+0=0xA3; 


10100011 

}; }; 




add32 %A = 


A <- 


A+B 


op sub 8 { 
map sub8s: 




0xA4; // 


10100000 




sub8 %A = 


A <- 


A-B 



1150 



Version "F": 32-bit registers, big-endian, privileges 



operands { - 

}; 


= { 


+0=0xA4 ; 


}; }; 










op sub 16 { 
map subl 6s : 
operands { - 


= { 


0xA5; // 
+0=0xA5; 


10100001 

}; }; 




subl 6 %A = 


A <- 


A-B 


}; 

op sub24 { 
map sub2 4s : 
operands { - 


= { 


0xA6; // 
+0=0xA6; 


10100010 

}; }; 




sub24 %A = 


A <- 


A-B 


}; 

op sub 3 2 { 
map sub32s : 
operands { - 


= { 


0xA7; // 
+0=0xA7; 


10100011 

}; }; 




sub32 %A = 


A <- 


A-B 


}; 

op addc8 { 
map addc8s : 
operands { - 

}; 


= { 


0xA8; // 
+0=0xA8; 


10101000 

}; }; 




addc8 %A 


= A <■ 


- A+B+c 


op addcl6 { 
map addcl6s: 
operands { - 


= { 


0xA9; // 
+0=0xA9; 


10101001 

}; }; 




addcl6 %A 


= A <■ 


- A+B+c 


}; 

op addc2 4 { 
map addc24s: 
operands { - 

}; 


= { 


OxAA; // 
+0=0xAA; 


10101010 

}; }; 




addc24 %A 


= A <- 


- A+B+c 


op addc32 { 
map addc32s: 
operands { - 

}; 


= { 


OxAB; // 
+0=0xAB; 


10101011 

}; }; 




addc32 %A 


= A <■ 


- A+B+c 


op subb8 { 
map subb8s : 
operands { - 

}; 


= { 


OxAC; // 
+0=0xAC; 


10101100 

}; }; 




subb8 %A 


= A <■ 


- A-B-b 


op subbl6 { 
map subbl6s: 
operands { - 

}; 


= { 


OxAD; // 
+0=0xAD; 


10101101 

}; }; 




snbbl6 %A 


= A <■ 


- A-B-b 


op subb2 4 { 
map subb24s: 




OxAE; // 


10101110 




subb24 %A 


= A <■ 


- A-B-b 
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operands { - 

}; 


= { 


+0=0xAE; 


}; }; 


















op subb32 { 
map subb32s: 
operands { - 

}; 


= { 


OxAF; // 
+0=0xAF; 


10101111 

}; }; 




subb32 


%A 




A 


<- 


A-B-b 


op lshl8 { 
map lshl8s : 
operands { - 

}; 


= { 


OxBO; // 
+0=0xB0; 


10110000 

}; }; 




lshl8 


%A 




A 


<- 


lshl 


A 


op lshll6 { 
map lshll6s : 
operands { - 

}; 


= { 


OxBl; // 
+0=0xBl; 


10101101 

}; }; 




lshll6 


%A 




A 


<— 


lshl 


A 


op lshl24 { 
map lshl24s: 
operands { - 

}; 


= { 


0xB2; // 
+0=0xB2; 


10101110 

}; }; 




lshl24 


%A 




A 


<- 


lshl 


A 


op lshl32 { 
map lshl32s: 
operands { - 

}; 


= { 


0xB3; // 
+0=0xB3; 


10101111 

}; }; 




lshl32 


%A 




A 


<- 


lshl 


A 


op lshr8 { 
map lshr 8s : 
operands { - 

}; 


= { 


0xB4; // 
+0=0xB4 ; 


10110000 

}; }; 




lshr8 


%A 




A 


<- 


lshr 


A 


op lshrl6 { 
map lshr 1 6s : 
operands { - 

}; 


= { 


0xB5; // 
+0=0xB5; 


10110001 

}; }; 




lshr 16 


%A 




A 


<- 


lshr 


A 


op lshr24 { 
map lshr24s: 
operands { - 

}; 


= { 


0xB6; // 
+0=0xB6; 


10110010 

}; }; 




lshr 2 4 


%A 




A 


<- 


lshr 


A 


op lshr32 { 
map lshr32 s : 
operands { - 

}; 


= { 


0xB7; // 
+0=0xB7; 


10110011 

}; }; 




lshr 3 2 


%A 




A 


<- 


lshr 


A 


op ashl8 { 
map ashl8s : 




0xB8; // 


10111000 




ash!8 


%A 




A 


<— 


ashl 


A 
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operands { - 

}; 


= { 


+0=0xB8; 


}; }; 














op ashll6 { 
map ashll6s : 
operands { - 

}; 


= { 


0xB9; // 
+0=0xB9; 


10111001 

}; }; 




ashll6 


%A = 


A <- 


ashl A 




op ashl24 { 
map ashl24s: 
operands { - 

}; 


= { 


OxBA; // 
+0=0xBA; 


10111010 

}; }; 




ashl24 


%A = 


A <- 


ashl A 




op ashl32 { 
map ashl32s : 
operands { - 

}; 


= { 


OxBB; // 
+0=0xBB; 


10111011 

}; }; 




ashl32 


%A = 


A <- 


ashl A 




op ashr8 { 
map ashr 8s : 
operands { - 

}; 


= { 


OxBC; // 
+0=0xBC; 


10111100 

}; }; 




ashr8 


%A = 


A <- 


ashr A 




op ashrl6 { 
map ashrl6s: 
operands { - 

}; 


= { 


OxBD; // 
+0=0xBD; 


10111101 

}; }; 




ashrl 6 


%A = 


A <- 


ashr A 




op ashr24 { 
map ashr24s: 
operands { - 

}; 


= { 


OxBE; // 
+0=0xBE; 


10111110 

}; }; 




ashr24 


%A = 


A <- 


ashr A 




op ashr32 { 
map ashr32s: 
operands { - 

}; 


= { 


OxBF; // 
+0=0xBF; 


10111111 

}; }; 




ashr 3 2 


%A = 


A <- 


ashr A 




op rotcl8 { 
map rotcl8s: 
operands { - 

}; 


= { 


OxCO; // 
+0=0xC0; 


11000000 

}; }; 




rotc!8 


%A 


= A <- 


- rotcl 


A 


op rotcll6 { 
map rotcll6s 
operands { - 

}; 


= { 


OxCl; // 
+0=0xCl; 


11000001 

}; }; 




rotc!16 %A 


= A <- 


- rotcl 


A 


op rotcl24 { 
map rotcl24s 




0xC2; // 


11000010 




rotc!24 


%A 


= A <- 


- rotcl 


A 
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operands { - = { +0=0xC2; }; }; 



}; 

op rotcl32 { 
map rotcl32s : 
operands { - = 

}; 

op rotcr8 { 
map rotcr8 s : 
operands { - = 

}; 

op rotcrl6 { 
map rot crl 6s : 
operands { - = 

}; 

op rotcr24 { 
map rotcr24s : 
operands { - = 

}; 

op rotcr32 { 
map rotcr32s : 
operands { - = 

}; 

op rot 18 { 
map rotl8s : 
operands { - = 

}; 

op rotll6 { 
map rot 11 6s : 
operands { - = 

}; 

op rotl24 { 
map rotl24s: 
operands { - = 

}; 

op rotl32 { 
map rotl32s : 
operands { - = 

}; 

op rotr8 { 
map rotr 8s : 



0xC3; // 11000011 = rotcl32 %A = A <- rotcl A 

{ +0=0xC3; }; }; 



0xC4; // 11000100 = rotcr8 %A = A <- rotcr A 

{ +0=0xC4; }; }; 



0xC5; // 11000101 = rotcrl6 %A = A <— rotcr A 

{ +0=0xC5; }; }; 



0xC6; // 11000110 = rotcr24 %A = A <— rotcr A 

{ +0=0xC6; }; }; 



0xC7; // 11000111 = rotcr32 %A = A <- rotcr A 

{ +0=0xC7; }; }; 



0xC8; // 11001000 = rotl8 %A = A <— rotl A 

{ +0=0xC8; }; }; 



0xC9; // 11001001 = rotll6 %A = A <— rotl A 

{ +0=0xC9; }; }; 



OxCA; // 11001010 = rot 124 %A = A <- rotl A 

{ +0=0xCA; }; }; 



OxCB; // 11001011 = rotl32 %A = A <— rotl A 

{ +0=0xCB; }; }; 



OxCC; // 11001100 = rotr8 %A = A <— rotr A 
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operands { - = 

}; 


{ 


+0=0xCC; 


}; }; 














op rotrl6 { 
map rotr 1 6s : 
operands { - = 

}; 


{ 


OxCD; // 
+0=0xCD; 


11001101 

}; }; 




rotrl6 %A = 


A 


<- 


■ rotr A 




op rotr24 { 
map rotr24s: 
operands { - = 

}; 


{ 


OxCE; // 
+0=0xCE; 


11001110 

}; }; 




rotr24 %A = 


A 


<- 


■ rotr A 




op rotr32 { 
map rot r 32 s : 
operands { - = 

}; 


{ 


OxCF; // 
+0=0xCF; 


11001111 

}; }; 




rotr32 %A = 


A 


<- 


■ rotr A 




op utrunc8 { 
map ut runc8 : 
operands { - = 

}; 


{ 


OxDO; // 
+0=0xD0; 


11010000 

}; }; 




utrunc8 %A 




A 


<- utrunc 


A 


op utruncl6 { 
map utruncl 6 : 
operands { - = 

}; 


{ 


OxDl; // 
+0=0xDl; 


11010001 

}; }; 




utruncl6 %A 




A 


<- utrunc 


A 


op utrunc24 { 
map utrunc24 : 
operands { - = 

}; 


{ 


0xD2; // 
+0=0xD2; 


11010010 

}; }; 




utrunc24 %A 




A 


<- utrunc 


A 


op utrunc32 { 
map ut runc32 : 
operands { - = 

}; 


{ 


0xD3; // 
+0=0xD3; 


11010011 

}; }; 




utrunc32 %A 




A 


<- utrunc 


A 


op strunc8 { 
map st runc8 : 
operands { - = 

}; 


{ 


0xD4; // 
+0=0xD4; 


11010100 

}; }; 




strunc8 %A 




A 


<- strunc 


A 


op struncl6 { 
map st runcl 6 : 
operands { - = 

}; 


{ 


0xD5; // 
+0=0xD5; 


11010101 

}; }; 




struncl6 %A 




A 


<- strunc 


A 


op strunc24 { 
map strunc24 : 




0xD6; // 


11010110 




strunc24 %A 




A 


<- strunc 


A 
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operands { - 

}; 


= { +0=0xD6; 


}; }; 








op strunc32 { 














map strunc32 


: 0xD7; 


// 


11010111 




st rune 3 2 


%A = A <- strunc A 


operands { - 

}; 


= { +0=0xD7; 


}; }; 








op clear { 














map clear_a: 


0xD8; 


// 


11011000 


_ 


clear %A 


= A <- 0 


map clear_b: 


0xD9; 


// 


11011001 


= 


clear %B 


= B <- 0 


operands { 














%1 = { +0= 

}; 


0xD8; +0[0 


0] = 


%i; }; 








}; 

op set { 














map set_a: 


OxDA; 


// 


11011010 


_ 


set %A = 


A < 1 


map set_b: 


OxDB; 


// 


11011011 


= 


set %B = 


B < 1 


operands { 














%1 = { +0= 

}; 


OxDA; +0[0 


0] = 


%i; }; 








}; 

op comp { 














map comp : 


OxDC; 


// 


11011100 


= 


update FL with A-B 


operands { - 

}; 


= { +0=0xDC; 


}; }; 








op test { 














map test : 


OxDD; 


// 


11011101 


= 


update FL with A&B 


operands { - 

}; 


= { +0=0xDD; 


}; }; 








op flag_c { 














map flag_c_0 


: OxDE; 


// 


11011110 


_ 


flag_c 0 


= clear carry flag 


map flag_c_l 


: OxDF; 


// 


11011111 


= 


flag_c 1 


= set carry flag 


operands { 














#1 = { +0= 

}; 


OxDE; +0[0 


0] = 


#1; }; 








}; 

op flag_i { 














map flag_i_0 


: OxEO; 


// 


11100000 


_ 


flag_i 0 


= clear irq enable flag 


map flag_i_l 


: OxEl; 


// 


11100001 


_ 


flag_i 1 


= set irq enable flag 


operands { 














#1 = { +0= 


OxEO; +0[0 


0] = 


#1; }; 
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}; 

}; 

op flag_t { 


















map 


flag_t_ 


0 




0xE2; // 


11100010 


_ 


flag_ 


t 0 = clear supervisor flag 


map 


f lag_t_ 


1 




0xE3; // 


11100011 


= 


flag_ 


t 1 = set supervisor flag 


operands { 


















#1 

}; 


= { +o 


=0xE2; +0[0:0]= 


#1; }; 








}; 

op call { 


















map 


callr_i 






0xE4 


// 


11100100 


_ 


call 


%I 


map 


callr_ j 






0xE5 


// 


11100101 


_ 


call 


%J 


map 


call : 






0xE6 


// 


11100110 





call 


#ref 


operands { 


















%1 


= { +o 


=0xE4; +0 


0:0] = 


%i; }; 








#1 


= { +o 


=0xE6; +1 = 


= #1 [31 


:24]; +2= 


#1 


[23:16]; +3=#1[15:8]; 


}; 


+ 4 


= #1 


[7:0]; 


}; 










}; 

op return { 


















map 


return : 






0xE7; // 


11100111 




return 


operands { 

}; 






{ +0=0xE7; 


}; }; 








op jump { 


















map 


j ump_c_ 


0 




0xE8 


// 


11101000 


_ 


jump 


%carry, 0, #ref 


map 


j ump_c_ 


1 




0xE9 


// 


11101001 





jump 


% carry, 1, #ref 


map 


jump_z_ 


0 




OxEA 


// 


11101010 





jump 


%zero, 0 , #ref 


map 


jump_z_ 


1 




OxEB 


// 


11101011 





jump 


%zero, 1, #ref 


map 


jump_n_ 


0 




OxEC 


// 


11101100 


_ 


jump 


^negative , 0, #ref 


map 


jump_n_ 


1 




OxED 


// 


11101101 


_ 


jump 


^negative , 1, #ref 


map 


jump_v_ 


0 




OxEE 


// 


11101110 


_ 


jump 


%overflow / 0, #ref 


map 


jump_v_ 


1 




OxEF 


// 


11101111 


_ 


jump 


%overflow, 1, #ref 


map 


jumpr_i 






OxFO 


// 


11110000 


_ 


jump 


%I 


map 


jumpr_ j 






OxFl 


// 


11110001 





jump 


%J 


map 


jump : 






OxFC 


// 


11111100 


— 


jump 


#ref 


map 


j ump_c s 






OxFD 


// 


11111101 


— 


jump 


csO, csl, #ref 


map 


jump_ds 






OxFE 


// 


11111110 





jump 


dsO, dsl 


operands { 


















2- 1 






{ 


+0=0xF0; +0 


[0 : 0] =%1; 


} 






%1, #2, #3 




{ 


+0=0xE8; +0 


[2 :1]=%1; 


+ 0 [0 : 0 


]=#2; 
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+1=#3 [31 :24] ; +2=#3 [ 23 : 1 6 ] ; +3=#3[15:8]; +4=#3[7: 


0 ] ; } ; 


#1 






+0=0xFC; 










+1=#1 [31 :24] ; +2=# 1 [ 23 : 1 6 ] ; +3=#1[15:8]; +4=#1[7: 


0] ; }; 


#1,#2, #3 


= { 


+0=0xFD; 










+1=#1 [31 :24] ; +2=#1 [23 : 16] ; +3=#1 [15 : 8] ; +4=#1[7: 


0] ; 








+5=#2 [31 :24] ; +6=#2 [ 23 : 1 6 ] ; +7=#2[15:8]; +8=#2[7: 


0] ; 








+ 9=#3 [31 :24] ; +1 0 = #3 [ 2 3 : 1 6 ] ; +11=#3 [15 : 8] ; 










+12=#3 [7 : 0] ; }; 




#1, #2 




= { 


+0=0xFE; 










+1=#1 [31 :24] ; +2=#1 [23 : 16] ; +3=#1[15:8]; +4=#1[7: 


0] ; 


}; 






+5=#2 [31 :24] ; +6=#2 [ 23 : 1 6 ] ; +7=#2[15:8]; +8=#2[7: 


0]; }; 


}; 

op imrl j 










map imrl 






0xF2; // 11110010 = imrl n = IRQ mask register 


load 


operands 


{ 








#1 = { 

}; 


+ 0 


=0xF2; +1=#1[7:0]; }; 




}; 

op ivtl { 










map ivtl 






0xF3; // 11110011 = ivtl #ref = load INT vector table 


operands 


{ 








#1 = { 


+ 0 


=0xF3; 




}; 


+1 


=#1[31:24]; +2=#1 [23 : 16] ; +3=#1[15:8]; +4=#1[7:0]; }; 




}; 

op int { 










map int : 






0xF4; // 11110100 = int n = soft interrupt call 


operands 


{ 








#1 = { 

}; 


+ 0 


=0xF4; +1=#1[7:0]; }; 




}; 

op iret 1 










map iret 






0xF5; // 11110101 = iret = interrupt return 




operands 

}; 


{ 




{ +0=0xF5; }; }; 




op in { 










map in_a 






0xF6; // 11110110 = in %A,n = A <- I/O device 




map in_b 






0xF7; // 11110111 = in %B, n = B <- I/O device 




operands 


{ 
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%1,#2 = { 

}; 


+0=0xF6; +0[0:0]=%1; +1 


= #2[7:0]; }; 




}; 

op out { 








map out_a : 


0xF8; // 11111000 


= out %A,n = I/O device <- 


A 


map out_b : 


0xF9; // 11111001 


= out %B,n = I/O device <- 


B 


operands { 








%1,#2 = { 

}; 


+0=0xF8; +0[0:0]=%1; +1 


= #2[7:0]; }; 




}; 

op memcpv j 








map memcpy : 


OxFA; // 11111010 


= memcpy #src, #dst, size 




operands { 








#1, #2, #3 


= { +0=0xFA; 








+1=#1 [31 : 241 ; +2=#1 [ 


23:16]; +3=#1[15:8]; +4=#1 


[7:0] ; 

' • w J f 




+5=#2 [31 :24] ; +6=#2 [ 


23:16]; +7=#2[15:8]; +8=#2 


[7:0] ; 




+9=#3 [31 :24] ; +10=#3 


[23:16]; +11=#3 [ 15 : 8 ] ; +12= 


= #3 [7:0] ; 


}; 


}; 






}; 

op store_ssp 


{ 






map st_a_ssp: OxFB; // 11111011 = 


SSP <- A 




operands { 








- = { +0= 

}; 


OxFB; }; 






}; 

op halt { 








map halt : 


OxFF; // 11111111 


= halt 




operands { 

}; 


~ = { +0=0xFF; }; }; 







14.21 Data initialization 

This version of the simple CPU accesses the memory in big-endian 
mode. As the TKGate compiler initializes variables in little-endian 
mode, it is necessary to define some instructions that do the same, 
but in the right byte order. These instructions are declared as if they 
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were opcodes, but actually there is no opcode at all. 



Listing 14.60. Variable definition pseudo-opcodes for TKGate. 



op int8 { 




















operands 


{ 


#1 


- { 


+ 0 [7 : 


0] 


=#1[7:0]; } 


; }; 






j ' 

on i ntl fi \ 




















operands 

}; 


{ 


#1 


- { 


+ 0 [7 : 


0] 


= #1 [15:8] ; 


+ 1 [7 : 


0] = 


#1[7:0]; }; }; 


on i n t" ? 4 i 




















nnp Tr5 n ci s 




#1 


= { 


+ 0 [ 7 : 


0 1 


= #1 T23 • 161 ; 


+i r 7 


• 0 1 


=#1 T 15 • 8 1 ; 


j; 








+ 2 [7 : 


0] 


=#1[7:0]; } 


; I; 






J ' 

op int32 { 




















operands 


{ 


#1 


- { 


+ 0 [7 : 


0] 


=#1 [31 :24] ; 


+ 1 [7 


:0] 


= #1 [23: 16] ; 


}; 








+ 2 [7 : 


0] 


=#1 [15:8] ; 


+ 3 [7 : 


0] = 


=#1[7:0]; }; }; 



14.22 Microcode 

« 



It follows the microcode listing, describing the opcode procedures. 
Listing 14.61. Microcode for TKGate. 



begin microcode @ 0 




// 




fetch : 




// IR <- M[PC++], load 




M=rank8 M=byte0 M=code M=ram_oe M=ir_load PCi=l 


CTRL=load; 


nop : 




// Just jump to the fetch microcode: 




ADDR=fetch 


JUMP unconditional; 


st_a_b : 




Ar=enable Br=load ADDR=fetch 


JUMP=uncondit ional; 


st_a_c : 




Ar=enable Cr=load ADDR=fetch 


JUMP=uncondit ional ; 


st_a_d : 
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Ar=enable 


Dr= 


load 


ADDR= 


fetch 


JUMP 


unconditional; 


st_ 


_a_i : 
















Ar=enable 


Ir= 


load 


ADDR= 


fetch 


JUMP 


=uncondit ional; 


st_ 


a i : 

— — .J 
















Ar=enable 


Jr= 


load 


ADDR= 


fetch 


JUMP 


unconditional; 


st_ 


_a_sp : 
















Ar=enable 


SPr 


= load 


ADDR= 


fetch 


JUMP 


=un conditional; 


st_ 


_a_f p : 
















Ar=enable 


FPr 


= load 


ADDR= 


fetch 


JUMP 


=uncondit ional ; 


st_ 


_b_a : 
















Br=enable 


Ar= 


load 


ADDR= 


fetch 


JUMP 


=un conditional; 


st_ 


_b_c : 
















Br=enable 


Cr= 


load 


ADDR= 


fetch 


JUMP 


=un conditional; 


st_ 


_b_d: 
















Br=enable 


Dr= 


load 


ADDR= 


fetch 


JUMP 


=uncondit ional ; 


st_ 


_b_i : 
















Br=enable 


Ir= 


load 


ADDR= 


fetch 


JUMP 


=un conditional; 


st_ 


_b_j : 
















Br=enable 


Jr= 


load 


ADDR= 


fetch 


JUMP 


=un conditional; 


st_ 


_b_sp : 
















Br=enable 


SPr 


= load 


ADDR= 


fetch 


JUMP 


=uncondit ional ; 


st_ 


_b_f p : 
















Br=enable 


FPr 


= load 


ADDR= 


fetch 


JUMP 


=un conditional; 


ld_ 


_a_b : 
















Br=enable 


Ar= 


load 


ADDR= 


fetch 


JUMP 


=un conditional; 


ld_ 


_a_c : 
















Cr=enable 


Ar= 


load 


ADDR= 


fetch 


JUMP 


=uncondit ional ; 


ld_ 


_a_d : 
















Dr=enable 


Ar= 


load 


ADDR= 


fetch 


JUMP 


=un conditional; 


ld_ 


_a_i : 
















Ir=enable 


Ar= 


load 


ADDR= 


fetch 


JUMP 


=un conditional; 


ld_ 


_a_j : 
















Jr=enable 


Ar= 


load 


ADDR= 


fetch 


JUMP 


=uncondit ional ; 


ld_ 


_a_sp : 
















SPr=enable 


Ar= 


load 


ADDR= 


fetch 


JUMP 


=uncondit ional ; 


ld_ 


_a_f p : 
















FPr=enable 


Ar= 


load 


ADDR= 


fetch 


JUMP 


=uncondit ional ; 


ld_ 


_b_a : 
















Br=enable 


Br= 


load 


ADDR= 


fetch 


JUMP 


=un conditional; 


ld_ 


_b_c : 















Version "F": 32-bit registers, big-endian, privileges 



1161 



Cr=enable Br= 


= load 










ADDR=fetch 


JUMP=uncondit ional; 


ld_b_d: 
















Dr=enable Br= 


= load 










ADDR=fetch 


JUMP=uncondit ional; 


ld_b_i : 
















Ir=enable Br= 


= load 










ADDR=fetch 


JUMP =un conditional; 


ld_b_j : 
















Jr=enable Br= 


= load 










ADDR=fetch 


JUMP =un conditional; 


ld_b_sp : 
















SPr=enable Br= 


= load 










ADDR=fetch 


JUMP =un conditional; 


ld_b_fp: 
















FPr=enable Br= 


= load 










ADDR=fetch 


JUMP =un conditional; 


ld8ur_i : 
















DA=i M=rank8 


M=byteO 


M= 


data 


M= 


ram_ 


_oe M=unsigned M=md_enable 


Ar=load 












ADDR=fetch 


JUMP =un conditional; 


ld8ur_j : 
















DA= j M=rank8 


M=byteO 


M= 


data 


M= 


ram. 


_oe M=unsigned M=md_enable 


Ar=load 












ADDR=fetch 


JUMP =un conditional; 


ld8ur_sp : 
















DA=sp M=rank8 


M=byteO 


M= 


data 


M= 


ram. 


_oe M=unsigned M=md_enable 


Ar=load 












ADDR=fetch 


JUMP =un conditional; 


ld8ur_f p : 
















DA=fp M=rank8 


M=byteO 


M= 


data 


M= 


ram_ 


_oe M=unsigned M=md_enable 


Ar=load 












ADDR=fetch 


JUMP =un conditional; 


ld8sr_i : 
















DA=i M=rank8 


M=byteO 


M= 


data 


M= 


ram_ 


_oe M=signed 


M=md_enable 


Ar=load 












ADDR=fetch 


JUMP =un conditional; 


ld8sr_j : 
















DA=j M=rank8 


M=byteO 


M= 


data 


M= 


ram. 


_oe M=signed 


M=md_enable 


Ar=load 












ADDR=fetch 


JUMP =un conditional; 


ld8sr_sp : 
















DA=sp M=rank8 


M=byteO 


M= 


data 


M= 


ram. 


_oe M=signed 


M=md_enable 


Ar=load 












ADDR=fetch 


JUMP =un conditional; 


ld8sr_fp : 
















DA=fp M=rank8 


M=byteO 


M= 


data 


M= 


ram_ 


_oe M=signed 


M=md_enable 


Ar=load 












ADDR=fetch 


JUMP =un conditional; 


ld8u: 
















M=rank8 M=byteO M=code M=ram_ 


_oe 


M=unsigned M=md_enable 


Ar=load PCi=l 










ADDR=fetch 


JUMP =un conditional; 


ld8s : 
















M=rank8 M=byteO M=code M=ram_ 


_oe 


M=signed M=md_enable 
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Ar=load PCi=l 






ADDR=fetch JUMP=uncondit ional; 


ldl 6ur_i : 












DA=i M=rankl6 


M= 


=bytel 


M=data 


M=ram_ 


_oe ; 


DA=i M=rankl6 


M= 


=byteO 


M=data 


M=ram_ 


_oe M=md_enable M=unsigned 


Ar=load 










ADDR=fetch JUMP=uncondit ional ; 


ldl 6ur_ j : 












DA=j M=rankl6 


M= 


=bytel 


M=data 


M=ram_ 


_oe; 


DA=j M=rankl6 


M= 


=byteO 


M=data 


M=ram_ 


_oe M=md_enable M=unsigned 


Ar=load 










ADDR=fetch JUMP=uncondit ional ; 


ldl 6ur_sp : 












DA=sp M=rankl6 


M= 


=bytel 


M=data 


M=ram_ 


_oe ; 


DA=sp M=rankl6 


M= 


=byteO 


M=data 


M=ram_ 


_oe M=md_enable M=unsigned 


Ar=load 










ADDR=fetch JUMP=uncondit ional; 


ldl 6ur_f p : 












DA=fp M=rankl6 


M= 


=bytel 


M=data 


M=ram_ 


_oe ; 


DA=fp M=rankl6 


M= 


=byteO 


M=data 


M=ram_ 


_oe M=md_enable M=unsigned 


Ar=load 










ADDR=fetch JUMP=uncondit ional ; 


ldl 6sr_i : 












DA=i M=rankl6 


M= 


=bytel 


M=data 


M=ram_ 


_oe; 


DA=i M=rankl6 


M= 


=byteO 


M=data 


M=ram_ 


_oe M=md_enable M=signed 


Ar=load 










ADDR=fetch JUMP=uncondit ional ; 


ldl 6 sr_ j : 












DA=j M=rankl6 


M= 


=bytel 


M=data 


M=ram_ 


_oe ; 


DA= j M=rankl6 


M= 


=byteO 


M=data 


M=ram_ 


_oe M=md_enable M=signed 


Ar=load 










ADDR=fetch JUMP=uncondit ional; 


ldl 6sr_sp : 












DA=sp M=rankl6 


M= 


=bytel 


M=data 


M=ram_ 


_oe ; 


DA=sp M=rankl6 


M= 


=byteO 


M=data 


M=ram_ 


_oe M=md_enable M=signed 


Ar=load 










ADDR=fetch JUMP=uncondit ional ; 


ldl 6sr_f p : 












DA=f p M=rankl6 


M= 


=bytel 


M=data 


M=ram_ 


_oe; 


DA=f p M=rankl6 


M= 


=byteO 


M=data 


M=ram_ 


_oe M=md_enable M=signed 


Ar=load 










ADDR=fetch JUMP=uncondit ional ; 


ldl6u: 












M=rankl6 M=bytel 


M=code M=ram_ 


_oe; 




M=rankl6 M=byteO 


M=code M=ram_ 


_oe M=md_enable M=unsigned Ar=load 


PCi=2 




ADDR=fetch JUMP= 


unconditional; 


ldl6s : 












M=rankl6 M=bytel 


M=code M=ram_ 


_oe; 




M=rankl6 M=byteO 


M=code M=ram_ 


_oe M=md_enable M=signed Ar=load 
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PCi=2 














ADDR= 


= fetch JUMP=uncondit ional; 


ld24ur_i : 


















DA=i M=rank24 


M= 


=byte2 


M= 


data 


M= 


ram_ 


_oe; 




DA=i M=rank24 


M= 


=bytel 


M= 


data 


M= 


ram_ 


_oe ; 




DA=i M=rank24 


M= 


=byteO 


M= 


data 


M= 


ram_ 


_oe M= 


=md_enable M=unsigned 


Ar=load 














ADDR= 


=fetch JUMP=uncondit ional; 


ld24ur_j : 


















DA= j M=rank24 


M= 


=byte2 


M= 


data 


M= 


ram_ 


_oe ; 




DA= j M=rank24 


M= 


=bytel 


M= 


data 


M= 


ram_ 


_oe ; 




DA=j M=rank24 


M= 


=byteO 


M= 


data 


M= 


ram_ 


_oe M= 


: md_enable M=unsigned 


Ar=load 














ADDR= 


=fetch JUMP=uncondit ional; 


ld24ur_sp : 


















DA=sp M=rank24 


M= 


=byte2 


M= 


data 


M= 


ram_ 


_oe; 




DA=sp M=rank24 


M= 


=bytel 


M= 


data 


M= 


ram_ 


_oe ; 




DA=sp M=rank24 


M= 


=byteO 


M= 


data 


M= 


ram_ 


_oe M= 


=md_enable M=unsigned 


Ar=load 














ADDR= 


=fetch JUMP=uncondit ional; 


ld24ur_fp: 


















DA=f p M=rank24 


M= 


=byte2 


M= 


data 


M= 


ram_ 


_oe; 




DA=f p M=rank24 


M= 


=bytel 


M= 


data 


M= 


ram_ 


_oe; 




DA=f p M=rank24 


M= 


=byteO 


M= 


data 


M= 


ram_ 


_oe M= 


=md_enable M=unsigned 


Ar=load 














ADDR= 


=fetch JUMP=uncondit ional; 


ld24sr_i : 


















DA=i M=rank24 


M= 


=byte2 


M= 


data 


M= 


ram_ 


_oe ; 




DA=i M=rank24 


M= 


=bytel 


M= 


data 


M= 


ram_ 


_oe ; 




DA=i M=rank24 


M= 


=byteO 


M= 


data 


M= 


ram_ 


_oe M= 


=md_enable M=signed 


Ar=load 














ADDR= 


=fetch JUMP=uncondit ional; 


ld24sr_j : 


















DA= j M=rank24 


M= 


=byte2 


M= 


data 


M= 


ram_ 


_oe; 




DA= j M=rank24 


M= 


=bytel 


M= 


data 


M= 


ram_ 


_oe; 




DA= j M=rank24 


M= 


=byteO 


M= 


data 


M= 


ram_ 


_oe M= 


=md_enable M=signed 


Ar=load 














ADDR= 


=fetch JUMP=uncondit ional; 


ld24 sr_sp : 


















DA=sp M=rank24 


M= 


=byte2 


M= 


data 


M= 


ram_ 


_oe; 




DA=sp M=rank24 


M= 


=bytel 


M= 


data 


M= 


ram_ 


_oe ; 




DA=sp M=rank24 


M= 


=byteO 


M= 


data 


M= 


ram_ 


_oe M= 


: md_enable M=signed 


Ar=load 














ADDR= 


=fetch JUMP=uncondit ional; 


ld24 sr_f p : 


















DA=f p M=rank24 


M= 


=byte2 


M= 


data 


M= 


ram_ 


_oe; 




DA=f p M=rank24 


M= 


=bytel 


M= 


data 


M= 


ram_ 


_oe; 




DA=f p M=rank24 


M= 


=byteO 


M= 


data 


M= 


ram_ 


_oe M= 


=md_enable M=signed 
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Ar=load 








ADDR=fetch 


JUMP=uncondit ional; 


ld24u: 












M=rank24 M=byte2 


M=code 


M=ram_ 


_oe; 




M=rank24 M=bytel 


M=code 


M=ram_ 


_oe ; 




M=rank24 M=byteO 


M=code 


M=ram_ 


_oe M=md_enable M= 


^unsigned 


Ar=load PCi= 


3 






ADDR=fetch 


JUMP =un conditional; 


ld24s: 












M=rank24 M=byte2 


M=code 


M=ram_ 


_oe ; 




M=rank24 M=bytel 


M=code 


M=ram_ 


_oe ; 




M=rank24 M=byteO 


M=code 


M=ram_ 


_oe M=md_enable M= 


= signed 


Ar=load PCi= 


3 






ADDR=fetch 


JUMP =un conditional; 


ld32u: 












M=rank32 M=byte3 


M=code 


M=ram_ 


_oe ; 




M=rank32 M=byte2 


M=code 


M=ram_ 


_oe ; 




M=rank32 M=bytel 


M=code 


M=ram_ 


_oe ; 




M=rank32 M=byteO 


M=code 


M=ram_ 


_oe M=md_enable M= 


=unsigned 


Ar=load PCi= 


4 






ADDR=fetch 


JUMP =un conditional; 


ld32s : 












M=rank32 M=byte3 


M=code 


M=ram_ 


_oe; 




M=rank32 M=byte2 


M=code 


M=ram_ 


_oe; 




M=rank32 M=bytel 


M=code 


M=ram_ 


_oe ; 




M=rank32 M=byteO 


M=code 


M=ram_ 


_oe M=md_enable M= 


= signed 


Ar=load PCi= 


4 






ADDR=fetch 


JUMP =un conditional; 


ld32ur_i : 












DA=i M=rank32 


M= 


=byte3 


M=data 


M=ram_oe ; 




DA=i M=rank32 


M= 


=byte2 


M=data 


M=ram_oe ; 




DA=i M=rank32 


M= 


=bytel 


M=data 


M=ram_oe ; 




DA=i M=rank32 


M= 


=byteO 


M=data 


M=ram_oe M=md_enable M=unsigned 


Ar=load 








ADDR=fetch 


JUMP =un conditional; 


ld32ur_j : 












DA= j M=rank32 


M= 


=byte3 


M=data 


M=ram_oe; 




DA= j M=rank32 


M= 


=byte2 


M=data 


M=ram_oe; 




DA= j M=rank32 


M= 


=bytel 


M=data 


M=ram_oe; 




DA= j M=rank32 


M= 


=byteO 


M=data 


M=ram_oe M=md_enable M=unsigned 


Ar=load 








ADDR=fetch 


JUMP =un conditional; 


ld32ur_sp : 












DA=sp M=rank32 


M= 


=byte3 


M=data 


M=ram_oe ; 




DA=sp M=rank32 


M= 


=byte2 


M=data 


M=ram_oe ; 




DA=sp M=rank32 


M= 


=bytel 


M=data 


M=ram_oe ; 




DA=sp M=rank32 


M= 


=byteO 


M=data 


M=ram_oe M=md_enable M=unsigned 
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Ar=load 












ADDR= 


= fetch JUMP=uncondit ional; 


ld32ur_fp: 
















DA=f p M=rank32 


M=byte3 


M= 


data 


M= 


ram_ 


_oe; 




DA=f p M=rank32 


M=byte2 


M= 


data 


M= 


ram_ 


_oe; 




DA=f p M=rank32 


M=bytel 


M= 


data 


M= 


ram_ 


_oe ; 




DA=f p M=rank32 


M=byteO 


M= 


data 


M= 


ram_ 


_oe M= 


=md_enable M=unsigned 


Ar=load 












ADDR= 


= fetch JUMP=unconditional; 


ld32 sr_i : 
















DA=i M=rank32 


M=byte3 


M= 


data 


M= 


ram_ 


_oe ; 




DA=i M=rank32 


M=byte2 


M= 


data 


M= 


ram_ 


_oe ; 




DA=i M=rank32 


M=bytel 


M= 


data 


M= 


ram_ 


_oe ; 




DA=i M=rank32 


M=byteO 


M= 


data 


M= 


ram_ 


_oe M= 


: md_enable M=signed 


Ar=load 












ADDR= 


: fetch JUMP=uncondit ional; 


ld32sr_j : 
















DA= j M=rank32 


M=byte3 


M= 


data 


M= 


ram_ 


_oe ; 




DA= j M=rank32 

-J 


M=byte2 


M= 


data 


M= 


ram_ 


_oe; 




DA= j M=rank32 


M=bytel 


M= 


data 


M= 


ram_ 


_oe ; 




DA= j M=rank32 


M=byteO 


M= 


data 


M= 


ram_ 


_oe M= 


=md_enable M=signed 


Ar=load 












ADDR= 


; fetch JUMP=uncondit ional; 


ld32sr_sp : 
















DA=sp M=rank32 


M=byte3 


M= 


data 


M= 


ram_ 


_oe; 




DA=sp M=rank32 


M=byte2 


M= 


data 


M= 


ram_ 


_oe; 




DA=sp M=rank32 


M=bytel 


M= 


data 


M= 


ram_ 


_oe ; 




DA=sp M=rank32 


M=byteO 


M= 


data 


M= 


ram_ 


_oe M= 


: md_enable M=signed 


Ar=load 












ADDR= 


= fetch JUMP=uncondit ional; 


ld32 sr_f p : 
















DA=f p M=rank32 


M=byte3 


M= 


data 


M= 


ram_ 


_oe ; 




DA=f p M=rank32 


M=byte2 


M= 


data 


M= 


ram_ 


_oe; 




DA=f p M=rank32 


M=bytel 


M= 


data 


M= 


ram_ 


_oe; 




DA=f p M=rank32 


M=byteO 


M= 


data 


M= 


ram_ 


_oe M= 


=md_enable M=signed 


Ar=load 












ADDR= 


= fetch JUMP=uncondit ional; 


lea_a_i : 
















DA=i DA=enable Ar=load; 








ADDR= 


= fetch JUMP=uncondit ional; 


lea_a_ j : 
















DA= j DA=enable Ar=load 








ADDR= 


: fetch JUMP=uncondit ional ; 


lea_a_sp : 
















DA=sp DA=enable Ar=load 








ADDR= 


=fetch JUMP=uncondit ional; 


lea_a_fp : 
















DA=fp DA=enable Ar=load 








ADDR= 


: fetch JUMP=uncondit ional; 


lea_b_i : 
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DA=i DA=enable Br=load 


ADDR= 


fetch 


JUMP 


unconditional; 


lea_b_j : 












DA= j DA=enable Br=load 


ADDR= 


fetch 


JUMP 


unconditional; 


lea_b_sp : 

DA=sp DA=enable Br=load 


ADDR= 


fetch 


JUMP 


unconditional; 


lea_b_f p : 

DA=fp DA=enable Br=load 


ADDR= 


fetch 


JUMP 


unconditional; 


swap a a : 




ADDR= 


fetch 


JUMP 


=uncondit ional ; 


swap_b_b : 




ADDR= 


fetch 


JUMP 


=uncondit ional ; 


swap b a : 

Ar=enable 


TMP0=load; 










Br=enable 


Ar=load; 










TMPO=enable 


Br=load 


ADDR= 


fetch 


JUMP 


=uncondit ional ; 


swap a b : 

Ar=enable 


TMP0=load; 










Br=enable 


Ar=load; 










TMPO=enable 


Br=load 


ADDR= 


fetch 


JUMP 


=un conditional; 


swap a c : 

Ar=enable 


TMP0=load; 










Cr=enable 


Ar=load; 










TMPO=enable 


Cr=load 


ADDR= 


fetch 


JUMP 


=un conditional; 


swap a d : 

Ar=enable 


TMP0=load; 










Dr=enable 


Ar=load; 










TMPO=enable 


Dr=load 


ADDR= 


fetch 


JUMP 


=un conditional; 


swap a i : 

Ar=enable 


TMP0=load; 










Ir=enable 


Ar=load; 










TMPO=enable 


Ir=load 


ADDR= 


fetch 


JUMP 


=un conditional; 


swap_a_j : 

Ar=enable 


TMP0=load; 










Jr=enable 


Ar=load; 










TMPO=enable 


Jr=load 


ADDR= 


fetch 


JUMP 


=uncondit ional ; 


swap_a_sp : 

Ar=enable 


TMP0=load; 










SPr=enable 


Ar=load; 










TMPO=enable 


SPr=load 


ADDR= 


fetch 


JUMP 


=uncondit ional ; 


swap_a_f p : 
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Ar=enable 


TMP0=load; 














FPr=enable 


Ar=load; 














TMPO=enable 


FPr=load 








ADDR=fetch 


JUMP 


=uncondit ional ; 


swap_b_c : 
















Br=enable 


TMP0=load; 














Cr=enable 


Br=load; 














TMPO=enable 


Cr=load 








ADDR=fetch 


JUMP 


unconditional; 


swap_b_d : 
















Br=enable 


TMP0=load; 














Dr=enable 


Br=load; 














TMPO=enable 


Dr=load 








ADDR=fetch 


JUMP 


=uncondit ional ; 


swap_b_i : 
















Br=enable 


TMP0=load; 














Ir=enable 


Br=load; 














TMPO=enable 


Ir=load 








ADDR=fetch 


JUMP 


=un conditional; 


swap_b_j : 
















Br=enable 


TMP0=load; 














Jr=enable 


Br=load; 














TMPO=enable 


Jr=load 








ADDR=fetch 


JUMP 


=un conditional; 


swap b sp: 
















Br=enable 


TMP0=load; 














SPr=enable 


Br=load; 














TMPO=enable 


SPr=load 








ADDR=fetch 


JUMP 


=un conditional; 


swap_b_f p : 
















Br=enable 


TMP0=load; 














FPr=enable 


Br=load; 














TMPO=enable 


FPr=load 








ADDR=fetch 


JUMP 


=un conditional; 


st 8r_i : 
















Ar=enable DA= 


=i M=rank8 


M= 


=byteO 


M= 


data M=ram_we 














ADDR=fetch 


JUMP 


=un conditional; 


st8r_j : 
















Ar=enable DA= 


=j M=rank8 


M= 


=byteO 


M= 


data M=ram_we 














ADDR=fetch 


JUMP 


=un conditional; 


st 8r_sp : 
















Ar=enable DA= 


=sp M=rank8 


M= 


=byteO 


M= 


data M=ram_we 














ADDR=fetch 


JUMP 


=uncondit ional ; 


st 8r_fp : 
















Ar=enable DA= 


=fp M=rank8 


M= 


=byteO 


M= 


data M=ram_we 
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ADDR=fetch JUMP 


=unconditional; 


st 1 6r_i : 


















Ar=enable 


DA= 


i 


M= 


rankl 6 


M=bytel 


M= 


data M=ram_we; 




Ar=enable 


DA= 


i 


M= 


rankl 6 


M=byteO 


M= 


data M=ram_we 
ADDR=fetch JUMP 


=unconditional; 


st 1 6r_ j : 


















Ar=enable 


DA= 


j 


M= 


rankl 6 


M=bytel 


M= 


data M=ram_we; 




Ar=enable 


DA= 


j 


M= 


rankl 6 


M=byteO 


M= 


data M=ram_we 
ADDR=fetch JUMP 


=uncondit ional ; 


st 1 6r_sp : 


















Ar=enable 


DA= 


sp 


M= 


rankl 6 


M=bytel 


M= 


data M=ram_we; 




Ar=enable 


DA= 


sp 


M= 


rankl 6 


M=byteO 


M= 


data M=ram_we 
ADDR=fetch JUMP 


=uncondit ional; 


stl6r_fp : 


















Ar=enable 


DA= 


fp 


M= 


rankl 6 


M=bytel 


M= 


data M=ram_we; 




Ar=enable 


DA= 


fp 

Sr 


M= 


rankl 6 


M=byteO 


M= 


data M=ram_we 
ADDR=fetch JUMP 


=un conditional; 


st24r_i : 


















Ar=enable 


DA= 


i 


M= 


rank24 


M=byte2 


M= 


data M=ram_we; 




Ar=enable 


DA= 


i 


M= 


rank24 


M=bytel 


M= 


data M=ram_we; 




Ar=enable 


DA= 


i 


M= 


rank24 


M=byteO 


M= 


data M=ram_we 
ADDR=fetch JUMP 


=uncondit ional ; 


st24r_j : 


















Ar=enable 


DA= 


j 


M= 


rank2 4 


M=byte2 


M= 


data M=ram_we; 




Ar=enable 


DA= 


j 


M= 


rank2 4 


M=bytel 


M= 


data M=ram_we; 




Ar=enable 


DA= 


j 


M= 


rank2 4 


M=byteO 


M= 


data M=ram_we 
ADDR=fetch JUMP 


=un conditional; 


st24r_sp : 


















Ar=enable 


DA= 


sp 


M= 


rank24 


M=byte2 


M= 


data M=ram_we; 




Ar=enable 


DA= 


sp 


M= 


rank24 


M=bytel 


M= 


data M=ram_we; 




Ar=enable 


DA= 


sp 


M= 


rank24 


M=byteO 


M= 


data M=ram_we 
ADDR=fetch JUMP 


=un conditional; 


st24r fp: 


















Ar=enable 


DA= 


fp 


M= 


rank24 


M=byte2 


M= 


data M=ram_we; 




Ar=enable 


DA= 


fp 


M= 


rank24 


M=bytel 


M= 


data M=ram_we; 




Ar=enable 


DA= 


fp 


M= 


rank24 


M=byteO 


M= 


data M=ram_we 
ADDR=fetch JUMP 


=un conditional; 


st 32r_i : 


















Ar=enable 


DA= 


i 


M= 


rank32 


M=byte3 


M= 


data M=ram_we; 




Ar=enable 


DA= 


i 


M= 


rank32 


M=byte2 


M= 


data M=ram_we; 
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Ar=enable 


DA=i 


M=rank32 


M=bytel 


M=data M=ram_we; 


Ar=enable 


DA=i 


M=rank32 


M=byteO 


M=data M=ram_we 










ADDR=fetch JUMP=uncondit ional ; 


st32r_j : 










Ar=enable 


DA= j 


M=rank32 


M=byte3 


M=data M=ram_we; 


Ar=enable 


DA= j 


M=rank32 


M=byte2 


M=data M=ram_we; 


Ar=enable 


DA= j 


M=rank32 


M=bytel 


M=data M=ram_we; 


Ar=enable 


DA= j 


M=rank32 


M=byteO 


M=data M=ram_we 










ADDR=fetch JUMP=uncondit ional ; 


st 32r_sp : 










Ar=enable 


DA=sp 


M=rank32 


M=byte3 


M=data M=ram_we; 


Ar=enable 


DA=sp 


M=rank32 


M=byte2 


M=data M=ram_we; 


Ar=enable 


DA=sp 


M=rank32 


M=bytel 


M=data M=ram_we; 


Ar=enable 


DA=sp 


M=rank32 


M=byteO 


M=data M=ram_we 










ADDR=fetch JUMP=uncondit ional; 


st 32r_fp : 










Ar=enable 


DA=f p 


M=rank32 


M=byte3 


M=data M=ram_we; 


Ar=enable 


DA=f p 


M=rank32 


M=byte2 


M=data M=ram_we; 


Ar=enable 


DA=f p 


M=rank32 


M=bytel 


M=data M=ram_we; 


Ar=enable 


DA=f p 


M=rank32 


M=byteO 


M=data M=ram_we 










ADDR=fetch JUMP=uncondit ional ; 


push_a : 










Jr=enable 


TMP0 = 


load; 


// %J is saved and later restored. 


CNSv=0x00 


CNS=enable Jr= 


load SPi= 


=-4; 


Ar=enable 


DA=sp 


M=rank32 


M=byte3 


M=data M=ram_we; 


Ar=enable 


DA=sp 


M=rank32 


M=byte2 


M=data M=ram_we; 


Ar=enable 


DA=sp 


M=rank32 


M=bytel 


M=data M=ram_we; 


Ar=enable 


DA=sp 


M=rank32 


M=byteO 


M=data M=ram_we; 


TMPO=enable Jr= 


load 




ADDR=fetch JUMP=uncondit ional ; 


push_b : 










Jr=enable 


TMP0 = 


load; 


// %J is saved and later restored. 


CNSv=0 CNS=enable Jr=load SPi=-4; 




Br=enable 


DA=sp 


M=rank32 


M=byte3 


M=data M=ram_we; 


Br=enable 


DA=sp 


M=rank32 


M=byte2 


M=data M=ram_we; 


Br=enable 


DA=sp 


M=rank32 


M=bytel 


M=data M=ram_we; 


Br=enable 


DA=sp 


M=rank32 


M=byteO 


M=data M=ram_we; 


TMPO=enable Jr= 


load 




ADDR=fetch JUMP=uncondit ional; 


push_c : 










Jr=enable 


TMP0 = 


load; 


// %J is saved and later restored. 


CNSv=0 CNS=enable Jr=load SPi=-4; 
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Cr=enable DA=sp M=rank32 M=byte3 M=data M=ram_we; 
Cr=enable DA=sp M=rank32 M=byte2 M=data M=ram_we; 
Cr=enable DA=sp M=rank32 M=bytel M=data M=ram_we; 
Cr=enable DA=sp M=rank32 M=byte0 M=data M=ram_we; 

TMP0=enable Jr=load ADDR=fetch JUMP=uncondit ional ; 

push_d : 

Jr=enable TMP0=load; // %J is saved and later restored. 

CNSv=0 CNS=enable Jr=load SPi=-4; 

Dr=enable DA=sp M=rank32 M=byte3 M=data M=ram_we; 
Dr=enable DA=sp M=rank32 M=byte2 M=data M=ram_we; 
Dr=enable DA=sp M=rank32 M=bytel M=data M=ram_we; 
Dr=enable DA=sp M=rank32 M=byte0 M=data M=ram_we; 

TMP0=enable Jr=load ADDR=fetch JUMP=uncondit ional ; 

push_i : 

Jr=enable TMP0=load; // %J is saved and later restored. 

CNSv=0 CNS=enable Jr=load SPi=-4; 

Ir=enable DA=sp M=rank32 M=byte3 M=data M=ram_we; 
Ir=enable DA=sp M=rank32 M=byte2 M=data M=ram_we; 
Ir=enable DA=sp M=rank32 M=bytel M=data M=ram_we; 
Ir=enable DA=sp M=rank32 M=byte0 M=data M=ram_we; 

TMP0=enable Jr=load ADDR=fetch JUMP=uncondit ional ; 

push_j : 

Jr=enable TMP0=load; // %J is saved and later restored. 

CNSv=0 CNS=enable Jr=load SPi=-4; 

TMP0=enable DA=sp M=rank32 M=byte3 M=data M=ram_we; 
TMP0=enable DA=sp M=rank32 M=byte2 M=data M=ram_we; 
TMP0=enable DA=sp M=rank32 M=bytel M=data M=ram_we; 
TMP0=enable DA=sp M=rank32 M=byte0 M=data M=ram_we; 

TMP0=enable Jr=load ADDR=fetch JUMP=uncondit ional ; 

push_sp : 

Jr=enable TMP0=load; // %J is saved and later restored. 

CNSv=-4 CNS=enable Jr=load; 
SPr=enable TMPl=load SPi=-4; 

TMPl=enable DA=sp M=rank32 M=byte3 M=data M=ram_we; 
TMPl=enable DA=sp M=rank32 M=byte2 M=data M=ram_we; 
TMPl=enable DA=sp M=rank32 M=bytel M=data M=ram_we; 
TMPl=enable DA=sp M=rank32 M=byte0 M=data M=ram_we; 

TMP0=enable Jr=load ADDR=fetch JUMP=uncondit ional ; 

push_f p : 

Jr=enable TMP0=load; // %J is saved and later restored. 
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CNSv=0 CNS=enable Jr=load SPi=-4; 






FPr=enable DA=sp M=rank32 M=byte3 M=data M=ram_ 


_we ; 




FPr=enable DA=sp M=rank32 M=byte2 M=data M=ram_ 


_we ; 




FPr=enable DA=sp M=rank32 M=bytel M=data M=ram_ 


_we; 




FPr=enable DA=sp M=rank32 M=byteO M=data M=ram_ 


_we; 




TMPO=enable Jr=load ADDR=fetch 


JUMP=uncondit ional ; 


pop_ 


_a : 






Jr=enable TMP0=load; // %J is saved and 


later restored. 




CNSv=0x00 CNS=enable Jr=load; 






DA=sp M=rank32 M=byte3 M=data M=ram_oe; 






DA=sp M=rank32 M=byte2 M=data M=ram_oe; 






DA=sp M=rank32 M=bytel M=data M=ram_oe; 






DA=sp M=rank32 M=byteO M=data M=ram_oe M=md_enable Ar=load SPi=4; 




TMPO=enable Jr=load ADDR=fetch 


JUMP=uncondit ional ; 


pop 


_b: 






Jr=enable TMP0=load; // %J is saved and 


later restored. 




CNSv=0x00 CNS=enable Jr=load; 






DA=sp M=rank32 M=byte3 M=data M=ram_oe; 






DA=sp M=rank32 M=byte2 M=data M=ram_oe; 






DA=sp M=rank32 M=bytel M=data M=ram_oe; 






DA=sp M=rank32 M=byteO M=data M=ram_oe M=md_enable Br=load SPi=4; 




TMPO=enable Jr=load ADDR=fetch 


JUMP=uncondit ional ; 


pop_ 


_c : 






Jr=enable TMP0=load; // %J is saved and 


later restored. 




CNSv=0x00 CNS=enable Jr=load; 






DA=sp M=rank32 M=byte3 M=data M=ram_oe; 






DA=sp M=rank32 M=byte2 M=data M=ram_oe; 






DA=sp M=rank32 M=bytel M=data M=ram_oe; 






DA=sp M=rank32 M=byteO M=data M=ram_oe M=md_enable Cr=load SPi=4; 




TMPO=enable Jr=load ADDR=fetch 


JUMP=uncondit ional ; 


pop_ 


_d: 






Jr=enable TMP0=load; // %J is saved and 


later restored. 




CNSv=0x00 CNS=enable Jr=load; 






DA=sp M=rank32 M=byte3 M=data M=ram_oe; 






DA=sp M=rank32 M=byte2 M=data M=ram_oe; 






DA=sp M=rank32 M=bytel M=data M=ram_oe; 






DA=sp M=rank32 M=byteO M=data M=ram_oe M=md_enable Dr=load SPi=4; 




TMPO=enable Jr=load ADDR=fetch 


JUMP=un conditional; 


pop_ 


_i : 






Jr=enable TMP0=load; // %J is saved and 


later restored. 
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CNSv=0x00 CNS=enable Jr=load; 
DA=sp M=rank32 M=byte3 M=data M=ram_oe; 
DA=sp M=rank32 M=byte2 M=data M=ram_oe; 
DA=sp M=rank32 M=bytel M=data M=ram_oe; 

DA=sp M=rank32 M=byteO M=data M=ram_oe M=md_enable Ir=load SPi=4; 
TMPO=enable Jr=load ADDR=fetch JUMP=uncondit ional ; 

pop_ j : 

Jr=enable TMP0=load; // %J is saved and later restored. 

CNSv=0x00 CNS=enable Jr=load; 
DA=sp M=rank32 M=byte3 M=data M=ram_oe; 
DA=sp M=rank32 M=byte2 M=data M=ram_oe; 
DA=sp M=rank32 M=bytel M=data M=ram_oe; 

DA=sp M=rank32 M=byteO M=data M=ram_oe M=md_enable Jr=load SPi=4 

ADDR=fetch JUMP=uncondit ional ; 

pop_sp : 

Jr=enable TMP0=load; // %J is saved and later restored. 

CNSv=0x00 CNS=enable Jr=load; 
DA=sp M=rank32 M=byte3 M=data M=ram_oe; 
DA=sp M=rank32 M=byte2 M=data M=ram_oe; 
DA=sp M=rank32 M=bytel M=data M=ram_oe; 

DA=sp M=rank32 M=byteO M=data M=ram_oe M=md_enable SPr=load; 
TMPO=enable Jr=load ADDR=fetch JUMP=uncondit ional ; 

pop_f p : 

Jr=enable TMP0=load; // %J is saved and later restored. 

CNSv=0x00 CNS=enable Jr=load; 
DA=sp M=rank32 M=byte3 M=data M=ram_oe; 
DA=sp M=rank32 M=byte2 M=data M=ram_oe; 
DA=sp M=rank32 M=bytel M=data M=ram_oe; 

DA=sp M=rank32 M=byteO M=data M=ram_oe M=md_enable FPr=load SPi=4; 
TMPO=enable Jr=load ADDR=fetch JUMP=uncondit ional ; 

equal8s : 

ALU=rank8 ALU=equal ALU=signed FL=load_alu ALU=enable Ar=load 

ADDR=fetch JUMP=uncondit ional ; 

equall 6s : 

ALU=rankl6 ALU=equal ALU=signed FL=load_alu ALU=enable Ar=load 

ADDR=fetch JUMP=uncondit ional ; 

equal24s : 

ALU=rank24 ALU=equal ALU=signed FL=load_alu ALU=enable Ar=load 

ADDR=fetch JUMP=uncondit ional; 

equal32s : 
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ALU= 


rank32 


ALU= 


=equal 


ALU= 


signed 


FL= 


load_alu ALU=enable Ar=load 
ADDR=fetch JUMP=uncondit ional; 


not 8 s : 
















ALU= 


rank8 


ALU= 


-■not 


ALU= 


signed 


FL= 


load_alu ALU=enable Ar=load 
ADDR=fetch JUMP=uncondit ional ; 


not 1 6s : 
















ALU= 


rankl6 


ALU= 


■■not 


ALU= 


signed 


FL= 


load_alu ALU=enable Ar=load 
ADDR=fetch JUMP=uncondit ional ; 


not 2 4 s : 
















ALU= 


rank24 


ALU= 


: not 


ALU= 


signed 


FL= 


load_alu ALU=enable Ar=load 
ADDR=fetch JUMP=uncondit ional; 


not32s : 
















ALU= 


rank32 


ALU= 


: not 


ALU= 


signed 


FL= 


load_alu ALU=enable Ar=load 
ADDR=fetch JUMP=uncondit ional; 


and8 s : 
















ALU= 


rank8 


ALU= 


=and 


ALU= 


signed 


FL= 


load_alu ALU=enable Ar=load 
ADDR=fetch JUMP=uncondit ional; 


andl 6s : 
















ALU= 


rankl6 


ALU= 


: and 


ALU= 


signed 


FL= 


load_alu ALU=enable Ar=load 
ADDR=fetch JUMP=uncondit ional; 


and24s : 
















ALU= 


rank24 


ALU= 


=and 


ALU= 


signed 


FL= 


load_alu ALU=enable Ar=load 
ADDR=fetch JUMP=uncondit ional; 


and32s : 
















ALU= 


rank32 


ALU= 


: and 


ALU= 


signed 


FL= 


load_alu ALU=enable Ar=load 
ADDR=fetch JUMP=uncondit ional; 


nand8s : 
















ALU= 


rank8 


ALU= 


; nand 


ALU= 


signed 


FL= 


load_alu ALU=enable Ar=load 
ADDR=fetch JUMP=uncondit ional ; 


nandl 6s : 
















ALU= 


rankl 6 


ALU= 


=nand 


ALU= 


signed 


FL= 


load_alu ALU=enable Ar=load 
ADDR=fetch JUMP=uncondit ional ; 


nand24 s : 
















ALU= 


rank24 


ALU= 


=nand 


ALU= 


signed 


FL= 


load_alu ALU=enable Ar=load 
ADDR=fetch JUMP=uncondit ional ; 


nand32 s : 
















ALU= 


rank32 


ALU= 


=nand 


ALU= 


signed 


FL= 


load_alu ALU=enable Ar=load 
ADDR=fetch JUMP=uncondit ional; 


or8s : 
















ALU= 


rank8 


ALU= 


=or 


ALU= 


signed 


FL= 


load_alu ALU=enable Ar=load 
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ADDR=fetch JUMP=uncondit ional ; 


or 1 6s : 
















ALU= 


rankl 6 


ALU= 


or 


ALU= 


signed 


FL= 


load_alu ALU=enable Ar=load 
ADDR=fetch JUMP=uncondit ional; 


or24 s : 
















ALU= 


rank24 


ALU= 


or 


ALU= 


signed 


FL= 


load_alu ALU=enable Ar=load 
ADDR=fetch JUMP=uncondit ional ; 


or32s : 
















ALU= 


rank32 


ALU= 


or 


ALU= 


signed 


FL= 


load_alu ALU=enable Ar=load 
ADDR=fetch JUMP=uncondit ional ; 


nor8 s : 
















ALU= 


rank8 


ALU= 


nor 


ALU= 


signed 


FL= 


load_alu ALU=enable Ar=load 
ADDR=fetch JUMP=uncondit ional; 


norl 6s : 
















ALU= 


rankl 6 


ALU= 


nor 


ALU= 


signed 


FL= 


load_alu ALU=enable Ar=load 
ADDR=fetch JUMP=uncondit ional; 


nor24s : 
















ALU= 


rank24 


ALU= 


nor 


ALU= 


signed 


FL= 


load_alu ALU=enable Ar=load 
ADDR=fetch JUMP=uncondit ional ; 


nor32s : 
















ALU= 


rank32 


ALU= 


nor 


ALU= 


signed 


FL= 


load_alu ALU=enable Ar=load 
ADDR=fetch JUMP=uncondit ional ; 


xor 8 s : 
















ALU= 


rank 8 


ALU= 


xor 


ALU= 


signed 


FL= 


load_alu ALU=enable Ar=load 
ADDR=fetch JUMP=uncondit ional; 


xor 1 6s : 
















ALU= 


rankl 6 


ALU= 


xor 


ALU= 


signed 


FL= 


load_alu ALU=enable Ar=load 
ADDR=fetch JUMP=uncondit ional; 


xor2 4 s : 
















ALU= 


rank24 


ALU= 


xor 


ALU= 


signed 


FL= 


load_alu ALU=enable Ar=load 
ADDR=fetch JUMP=uncondit ional ; 


xor32s : 
















ALU= 


rank32 


ALU= 


xor 


ALU= 


signed 


FL= 


load_alu ALU=enable Ar=load 
ADDR=fetch JUMP=uncondit ional ; 


nxor8s : 
















ALU= 


rank8 


ALU= 


nxor 


ALU= 


signed 


FL= 


load_alu ALU=enable Ar=load 
ADDR=fetch JUMP=uncondit ional; 


nxor 1 6s : 
















ALU= 


rankl 6 


ALU= 


nxor 


ALU= 


signed 


FL= 


load_alu ALU=enable Ar=load 
ADDR=fetch JUMP=uncondit ional; 
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nxor24 s : 
















ALU= 


rank24 


ALU= 


nxor 


ALU= 


signed 


FL= 


load_alu ALU=enable Ar=load 
ADDR=fetch JUMP=uncondit ional; 


nxor 32 s : 
















ALU= 


rank32 


ALU= 


nxor 


ALU= 


signed 


FL= 


load_alu ALU=enable Ar=load 
ADDR=fetch JUMP=uncondit ional ; 


add8s : 
















ALU= 


rank8 


ALU= 


add 


ALU= 


signed 


FL= 


load_alu ALU=enable Ar=load 
ADDR=fetch JUMP=uncondit ional; 


addl 6s : 
















ALU= 


rankl 6 


ALU= 


add 


ALU= 


signed 


FL= 


load_alu ALU=enable Ar=load 
ADDR=fetch JUMP=uncondit ional; 


add2 4s : 
















ALU= 


rank24 


ALU= 


add 


ALU= 


signed 


FL= 


load_alu ALU=enable Ar=load 
ADDR=fetch JUMP=uncondit ional; 


add32s : 
















ALU= 


rank32 


ALU= 


add 


ALU= 


signed 


FL= 


load_alu ALU=enable Ar=load 
ADDR=fetch JUMP=uncondit ional ; 


sub8s : 
















ALU= 


rank8 


ALU= 


sub 


ALU= 


signed 


FL= 


load_alu ALU=enable Ar=load 
ADDR=fetch JUMP=uncondit ional ; 


subl 6s : 
















ALU= 


rankl 6 


ALU= 


sub 


ALU= 


signed 


FL= 


load_alu ALU=enable Ar=load 
ADDR=fetch JUMP=uncondit ional; 


sub2 4 s : 
















ALU= 


rank24 


ALU= 


sub 


ALU= 


signed 


FL= 


load_alu ALU=enable Ar=load 
ADDR=fetch JUMP=uncondit ional; 


sub32s : 
















ALU= 


rank32 


ALU= 


sub 


ALU= 


signed 


FL= 


load_alu ALU=enable Ar=load 
ADDR=fetch JUMP=uncondit ional ; 


addc8s : 
















ALU= 


rank8 


ALU= 


addc 


ALU= 


signed 


FL= 


load_alu ALU=enable Ar=load 
ADDR=fetch JUMP=uncondit ional; 


addcl 6s : 
















ALU= 


rankl 6 


ALU= 


addc 


ALU= 


signed 


FL= 


load_alu ALU=enable Ar=load 
ADDR=fetch JUMP=uncondit ional; 


addc24 s : 
















ALU= 


rank24 


ALU= 


addc 


ALU= 


signed 


FL= 


load_alu ALU=enable Ar=load 
ADDR=fetch JUMP=uncondit ional; 


addc32s : 
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ALU= 


rank32 


ALU= 


addc 


ALU= 


signed 


FL= 


load_alu ALU=enable Ar=load 
ADDR=fetch JUMP=uncondit ional; 


subb8s : 
















ALU= 


rank8 


ALU= 


subb 


ALU= 


signed 


FL= 


load_alu ALU=enable Ar=load 
ADDR=fetch JUMP=uncondit ional ; 


subbl 6s : 
















ALU= 


rankl6 


ALU= 


subb 


ALU= 


signed 


FL= 


load_alu ALU=enable Ar=load 
ADDR=fetch JUMP=uncondit ional ; 


subb24 s : 
















ALU= 


rank24 


ALU= 


subb 


ALU= 


signed 


FL= 


load_alu ALU=enable Ar=load 
ADDR=fetch JUMP=uncondit ional; 


subb32 s : 
















ALU= 


rank32 


ALU= 


subb 


ALU= 


signed 


FL= 


load_alu ALU=enable Ar=load 
ADDR=fetch JUMP=uncondit ional; 


lshl8s : 
















ALU= 


rank8 


ALU= 


lshl 


ALU= 


signed 


FL= 


load_alu ALU=enable Ar=load 
ADDR=fetch JUMP=uncondit ional; 


lshll6s : 
















ALU= 


rankl6 


ALU= 


lshl 


ALU= 


signed 


FL= 


load_alu ALU=enable Ar=load 
ADDR=fetch JUMP=uncondit ional; 


lshl24s : 
















ALU= 


rank24 


ALU= 


lshl 


ALU= 


signed 


FL= 


load_alu ALU=enable Ar=load 
ADDR=fetch JUMP=uncondit ional; 


lshl32s : 
















ALU= 


rank32 


ALU= 


lshl 


ALU= 


signed 


FL= 


load_alu ALU=enable Ar=load 
ADDR=fetch JUMP=uncondit ional; 


lshr8s : 
















ALU= 


rank8 


ALU= 


lshr 


ALU= 


signed 


FL= 


load_alu ALU=enable Ar=load 
ADDR=fetch JUMP=uncondit ional ; 


lshr 1 6s : 
















ALU= 


rankl 6 


ALU= 


lshr 


ALU= 


signed 


FL= 


load_alu ALU=enable Ar=load 
ADDR=fetch JUMP=uncondit ional ; 


lshr24s : 
















ALU= 


rank24 


ALU= 


lshr 


ALU= 


signed 


FL= 


load_alu ALU=enable Ar=load 
ADDR=fetch JUMP=uncondit ional ; 


lshr32s : 
















ALU= 


rank32 


ALU= 


lshr 


ALU= 


signed 


FL= 


load_alu ALU=enable Ar=load 
ADDR=fetch JUMP=uncondit ional; 


ashl8s : 
















ALU= 


rank8 


ALU= 


ashl 


ALU= 


signed 


FL= 


load_alu ALU=enable Ar=load 
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ADDR=fetch JUMP=uncondit ional ; 


ashll6s : 
















ALU= 


rankl 6 


ALU= 


ashl 


ALU= 


signed 


FL= 


load_alu ALU=enable Ar=load 
ADDR=fetch JUMP=uncondit ional; 


ashl24s : 
















ALU= 


rank24 


ALU= 


ashl 


ALU= 


signed 


FL= 


load_alu ALU=enable Ar=load 
ADDR=fetch JUMP=uncondit ional ; 


ashl32s : 
















ALU= 


rank32 


ALU= 


ashl 


ALU= 


signed 


FL= 


load_alu ALU=enable Ar=load 
ADDR=fetch JUMP=uncondit ional ; 


ashr8s : 
















ALU= 


rank8 


ALU= 


ashr 


ALU= 


signed 


FL= 


load_alu ALU=enable Ar=load 
ADDR=fetch JUMP=uncondit ional; 


ashr 1 6s : 
















ALU= 


rankl 6 


ALU= 


ashr 


ALU= 


signed 


FL= 


load_alu ALU=enable Ar=load 
ADDR=fetch JUMP=uncondit ional; 


ashr24 s : 
















ALU= 


rank24 


ALU= 


ashr 


ALU= 


signed 


FL= 


load_alu ALU=enable Ar=load 
ADDR=fetch JUMP=uncondit ional ; 


ashr32s : 
















ALU= 


rank32 


ALU= 


ashr 


ALU= 


signed 


FL= 


load_alu ALU=enable Ar=load 
ADDR=fetch JUMP=uncondit ional ; 


rotl8s : 
















ALU= 


rank 8 


ALU= 


rot 1 


ALU= 


signed 


FL= 


load_alu ALU=enable Ar=load 
ADDR=fetch JUMP=uncondit ional; 


rotll6s : 
















ALU= 


rankl 6 


ALU= 


rot 1 


ALU= 


signed 


FL= 


load_alu ALU=enable Ar=load 
ADDR=fetch JUMP=uncondit ional; 


rotl24s : 
















ALU= 


rank24 


ALU= 


rotl 


ALU= 


signed 


FL= 


load_alu ALU=enable Ar=load 
ADDR=fetch JUMP=uncondit ional ; 


rotl32s : 
















ALU= 


rank32 


ALU= 


rotl 


ALU= 


signed 


FL= 


load_alu ALU=enable Ar=load 
ADDR=fetch JUMP=uncondit ional ; 


rotr8s : 
















ALU= 


rank8 


ALU= 


rotr 


ALU= 


signed 


FL= 


load_alu ALU=enable Ar=load 
ADDR=fetch JUMP=uncondit ional; 


rotr 1 6s : 
















ALU= 


rankl 6 


ALU= 


rotr 


ALU= 


signed 


FL= 


load_alu ALU=enable Ar=load 
ADDR=fetch JUMP=uncondit ional; 
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rotr24 s : 














ALU=rank24 


ALU= 


rot r 


ALU= 


siqned 


FL 


=load_alu ALU=enable Ar=load 
ADDR=fetch JUMP=uncondit ional; 


rot r 32 s : 














ALU=rank32 


ALU= 


rotr 


ALU= 


siqned 


FL 


=load_alu ALU=enable Ar=load 
ADDR=fetch JUMP=uncondit ional ; 


rot cl8 s : 














ALU=rank8 


ALU= 


lshcl 


ALU= 


siqned 


FL 


=load_alu ALU=enable Ar=load 
ADDR=fetch JUMP=uncondit ional; 


rotcll 6s : 














ALU=rankl6 


ALU= 


lshcl 


ALU= 


siqned 


FL 


=load_alu ALU=enable Ar=load 
ADDR=fetch JUMP=uncondit ional; 


rotcl2 4 s : 














ALU=rank24 


ALU= 


lshcl 


ALU= 


siqned 


FL 


=load_alu ALU=enable Ar=load 
ADDR=fetch JUMP=uncondit ional; 


rotcl32s : 














ALU=rank32 


ALU= 


lshcl 


ALU= 


siqned 


FL 


=load_alu ALU=enable Ar=load 
ADDR=fetch JUMP=uncondit ional ; 


rotcr8s : 














ALU=rank8 


ALU= 


lshcr 


ALU= 


siqned 


FL 


=load_alu ALU=enable Ar=load 
ADDR=fetch JUMP=uncondit ional ; 


rot cr 1 6s : 














ALU=rankl6 


ALU= 


lshcr 


ALU= 


siqned 


FL 


=load_alu ALU=enable Ar=load 
ADDR=fetch JUMP=uncondit ional; 


rotcr2 4 s : 














ALU=rank24 


ALU= 


lshcr 


ALU= 


siqned 


FL 


=load_alu ALU=enable Ar=load 
ADDR=fetch JUMP=uncondit ional; 


rotcr32s : 














ALU=rank32 


ALU= 


lshcr 


ALU= 


siqned 


FL 


=load_alu ALU=enable Ar=load 
ADDR=fetch JUMP=uncondit ional ; 


utrunc8 : 














ALU=rank8 


ALU= 


equal 


ALU= 


unsiqned 


FL=load_alu ALU=enable 


Ar=load 










ADDR=fetch JUMP=uncondit ional ; 


utruncl 6 : 














ALU=rankl6 


ALU= 


equal 


ALU= 


unsiqned 


FL=load_alu ALU=enable 


Ar=load 










ADDR=fetch JUMP=uncondit ional; 


utrunc24 : 














ALU=rank24 


ALU= 


equal 


ALU= 


unsiqned 


FL=load_alu ALU=enable 


Ar=load 










ADDR=fetch JUMP=uncondit ional; 


utrunc32 : 
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ALU=rank32 


ALU= 


equal 


ALU 


=unsigned FL=load_alu ALU=enable 


Ar=load 








ADDR=fetch JUMP=uncondit ional ; 


strunc8 : 












ALU=rank8 


ALU= 


equal 


ALU 


=signed FL= 


load_alu ALU=enable Ar=load 












ADDR=fetch JUMP=uncondit ional ; 


st rune 1 6 : 












ALU=rankl6 


ALU= 


equal 


ALU 


=signed FL= 


load_alu ALU=enable Ar=load 












ADDR=fetch JUMP=uncondit ional ; 


st runc2 4 : 












ALU=rank24 


ALU= 


equal 


ALU 


=signed FL= 


load_alu ALU=enable Ar=load 












ADDR=fetch JUMP=uncondit ional ; 


strunc32 : 












ALU=rank32 


ALU= 


equal 


ALU 


=signed FL= 


load_alu ALU=enable Ar=load 












ADDR=fetch JUMP=uncondit ional ; 


clear a : 












ALU=rank32 


ALU= 


setO 


ALU 


=signed FL= 


load_alu ALU=enable Ar=load 












ADDR=fetch JUMP=uncondit ional ; 


clear b : 












ALU=rank32 


ALU= 


setO 


ALU 


=signed FL= 


load_alu ALU=enable Br=load 












ADDR=fetch JUMP=uncondit ional ; 


set a : 












ALU=rank32 


ALU= 


set 1 


ALU 


=signed FL= 


load alu ALU=enable Ar=load 












ADDR=fetch JUMP=uncondit ional ; 


set b : 












ALU=rank32 


ALU= 


set 1 


ALU 


=signed FL= 


load_alu ALU=enable Br=load 












ADDR=fetch JUMP=uncondit ional; 


comp : 












ALU=rank32 


ALU= 


and 


FL= 


load_alu 














ADDR=fetch JUMP=uncondit ional ; 


test : 












ALU=rank32 


ALU= 


sub 


FL= 


load_alu 














ADDR=fetch JUMP=uncondit ional ; 


flag c 0 : 












ALU=rank32 


ALU= 


carryC 


FL 


=load alu 














ADDR=fetch JUMP=uncondit ional ; 


flag c 1 : 












ALU=rank32 


ALU= 


carry] 


FL 


=load_alu 














ADDR=fetch JUMP=uncondit ional ; 


f lag_i_0 : 












// Only a 


supervisor 


process can change the IRQ enable flag. 
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ADDR=fetch JUMP=condit ional JUMP=supervisor_f ; 

// It is a supervisor process, so the flag is changed. 

ALU=rank32 ALU=irqenO FL=load_alu 

ADDR=fetch JUMP=uncondit ional; 

f lag_i_l : 

// Only a supervisor process can change the IRQ enable flag. 

ADDR=fetch JUMP=condit ional JUMP=supervisor_f ; 

// It is a supervisor process, so the flag is changed. 

ALU=rank32 ALU=irqenl FL=load_alu 

ADDR=fetch JUMP=uncondit ional ; 

f lag_t_0 : 

ALU=rank32 ALU=transit ionO FL=load_alu 

ADDR=fetch JUMP=uncondit ional ; 

f lag_t_l : 

// Only a supervisor process can change the IRQ enable flag. 

ADDR=fetch JUMP=condit ional JUMP=supervisor_f ; 

// It is a supervisor process, so the flag is changed. 

ALU=rank32 ALU=transit ionl FL=load_alu 

ADDR=fetch JUMP=uncondit ional ; 

call : 
// 

// Push PC+4 upon the stack. 

// 

PCi=4 Jr=enable TMP0=load; 
CNSv=0 CNS=enable Jr=load SPi=-4; 

PCr=enable DA=sp M=rank32 M=byte3 M=data M=ram_we; 
PCr=enable DA=sp M=rank32 M=byte2 M=data M=ram_we; 
PCr=enable DA=sp M=rank32 M=bytel M=data M=ram_we; 
PCr=enable DA=sp M=rank32 M=byte0 M=data M=ram_we PCi=-4; 
TMP0=enable Jr=load; 
// 

// Put the destination address inside the PC register . 

// 

M=rank32 M=byte3 M=code M=ram_oe; 
M=rank32 M=byte2 M=code M=ram_oe; 
M=rank32 M=bytel M=code M=ram_oe; 

M=rank32 M=byte0 M=code M=ram_oe M=md_enable M=unsigned PCr=load 

ADDR=fetch JUMP=uncondit ional ; 

callr_i : 
// 
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// Push PC upon the stack. 








// 








Jr=enable TMP0=load; 








CNSv=0 CNS=enable Jr=load SPi=-4; 








PCr=enable DA=sp M=rank32 M=byte3 M= 


=data 


M=ram_ 


_we; 


PCr=enable DA=sp M=rank32 M=byte2 M= 


=data 


M=ram_ 


_we; 


PCr=enable DA=sp M=rank32 M=bytel M= 


=dat a 


M=ram_ 


_we ; 


PCr=enable DA=sp M=rank32 M=byteO M= 


=data 


M=ram_ 


_we; 


TMPO=enable Jr=load; 








// 








// PC <- I 








// 








Ir=enable PCr=load 


ADDR= 


=f etch 


JUMP=uncondit ional; 


callr_j : 








// 








// Push PC upon the stack. 








// 








SPi=-4 ; 








PCr=enable DA=sp M=rank32 M=byte3 M= 


=data 


M=ram_ 


_we; 


PCr=enable DA=sp M=rank32 M=byte2 M= 


=dat a 


M=ram_ 


_we ; 


PCr=enable DA=sp M=rank32 M=bytel M= 


=data 


M=ram_ 


_we; 


PCr=enable DA=sp M=rank32 M=byteO M= 


=dat a 


M=ram 


_we ; 


// 








// PC <- J 








// 








Jr=enable PCr=load 


ADDR= 


= f etch 


JUMP =un conditional; 


return : 








Jr=enable TMP0=load; // %J is saved and 


later restored. 


CNSv=0x00 CNS=enable Jr=load; 








DA=sp M=rank32 M=byte3 M=data M=ram_ 


_oe; 






DA=sp M=rank32 M=byte2 M=data M=ram_ 


_oe; 






DA=sp M=rank32 M=bytel M=data M=ram_ 


_oe; 






DA=sp M=rank32 M=byteO M=data M=ram_ 


_oe M= 


=md_enable PCr=load SPi=4; 


TMPO=enable Jr=load 


ADDR= 


=f etch 


JUMP=uncondit ional ; 


jump : 








// 








// Load the destination address inside the PC register . 


// 








M=rank32 M=byte3 M=code M=ram_oe; 








M=rank32 M=byte2 M=code M=ram_oe; 
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M=rank32 M=bytel M=code M= 


ram_oe 


i 








M=rank32 M=byteO M=code M= 


ram_oe 


M=md_enable M= 


=unsigned PCr=load 






ADDR= 


fetch 


JUMP= 


=uncondit ional ; 


jumpr_i : 












Ir=enable PCr=load 




ADDR= 


fetch 


JUMP= 


=uncondit ional ; 


jumpr_j : 












Jr=enable PCr=load 




ADDR= 


fetch 


JUMP= 


=uncondit ional ; 


jump_c_0 : 












ADDR= jump JUMP=condit ional 


JUMP= 


carry_f ; 


// 


Jump 


if. . . 


PCi=4 




ADDR= 


fetch 


JUMP = 


=uncondit ional ; 


jump_c_l : 












ADDR= jump JUMP=condit ional 


JUMP= 


carry_t ; 


// 


Jump 


if. . . 


PCi=4 




ADDR= 


fetch 


JUMP = 


unconditional; 


jump_z_0 : 












ADDR= jump JUMP=condit ional 


JUMP= 


zero_f ; 


// 


•Jump 


if. . . 


PCi=4 




ADDR= 


fetch 


JUMP = 


unconditional; 


jump_z_l : 












ADDR= jump JUMP=condit ional 


JUMP = 


zero_t ; 


// 


Jump 


if. . . 


PCi=4 




ADDR= 


fetch 


JUMP = 


=uncondit ional ; 


jump_n_0 : 












ADDR= jump JUMP=condit ional 


JUMP = 


negat ive_ 


f; // 


Jump 


if. . . 


PCi=4 




ADDR= 


fetch 


JUMP = 


=uncondit ional ; 


jump_n_l : 












ADDR= jump JUMP=condit ional 


JUMP = 


negat ive_ 


t; // 


Jump 


if. . . 


PCi=4 




ADDR= 


fetch 


JUMP = 


=uncondit ional ; 


jump_v_0 : 












ADDR= jump JUMP=condit ional 


JUMP = 


overf low_ 


f; // 


Jump 


if. . . 


PCi=4 




ADDR= 


fetch 


JUMP = 


=uncondit ional ; 


jump_v_l : 












ADDR= jump JUMP=condit ional 


JUMP = 


overf low_ 


t; // 


Jump 


if. . . 


PCi=4 




ADDR= 


fetch 


JUMP = 


=uncondit ional ; 


j ump_c s : 












M=rank32 M=byte3 M=code M= 


ram_oe 


i 








M=rank32 M=byte2 M=code M= 


ram_oe 


t 








M=rank32 M=bytel M=code M= 


ram_oe 


t 








M=rank32 M=byteO M=code M= 


ram_oe 


M=md_enable M= 


=unsigned TMP0=load 


PCi=4; 












M=rank32 M=byte3 M=code M= 


ram_oe 


i 








M=rank32 M=byte2 M=code M= 


ram_oe 


i 








M=rank32 M=bytel M=code M= 


ram_oe 


i 
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M=rank32 M=byteO M=code 


M=ram_oe M=md_enable M=unsigned TMPl=load 


PCi=4; 




M=rank32 M=byte3 M=code 


M=ram_oe ; 


M=rank32 M=byte2 M=code 


M=ram_oe ; 


M=rank32 M=bytel M=code 


M=ram_oe; 


M=rank32 M=byteO M=code 


M=ram_oe M=md_enable M=unsigned PCr=load; 


TMPO=enable CS0=load; 




TMPl=enable CSl=load 


ADDR=fetch JUMP=uncondit ional ; : 


jump_ds : 




M=rank32 M=byte3 M=code 


M=ram_oe; 


M=rank32 M=byte2 M=code 


M=ram_oe ; 


M=rank32 M=bytel M=code 


M=ram_oe ; 


M=rank32 M=byteO M=code 


M=ram_oe M=md_enable M=unsigned DS0=load 


PCi=4; 




M=rank32 M=byte3 M=code 


M=ram_oe ; 


M=rank32 M=byte2 M=code 


M=ram_oe ; 


M=rank32 M=bytel M=code 


M=ram_oe; 


M=rank32 M=byteO M=code 


M=ram_oe M=md_enable M=unsigned DSl=load 


PCi=4 


ADDR=fetch JUMP=uncondit ional ; 


imrl : 




M=rank8 M=byteO M=code M=ram_oe M=md_enable M=unsigned 


IRQ=mask_load PCi=l 


ADDR=fetch JUMP=uncondit ional ; : 


ivtl : 




M=rank32 M=byte3 M=code 


M=ram_oe ; 


M=rank32 M=byte2 M=code 


M=ram_oe ; 


M=rank32 M=bytel M=code 


M=ram_oe ; 


M=rank32 M=byteO M=code 


M=ram_oe M=md_enable M=unsigned IVT=load 


PCi=4 


ADDR=fetch JUMP=uncondit ional; 


irq : 




// 




// Take the PC back to 


the original opcode, convert 


// the IRQ into an IVT pointer and tell that the IRQ is served; 


// then jump to the J clear phase. 


// 




PCi=-l IVT=irq IVT=enable TMP0=load IRQ=irq_done 


ADDR=int_j_clear JUMP=uncondit ional ; 


// 




int : 




// 




// Get the interrupt number, convert into the pointer inside 
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// the IVT table, then save it into TMPO. 

// 

M=rank8 M=byteO M=code M=ram_oe IVT=int IVT=enable TMP0=load 
PCi=l; 

// 

// Continue with the following code. 

// 

int_ j_clear : 
// 

// Save and clear J, which is used for memory access (TMP1) . 

// 

Jr=enable TMPl=load; 
CNSv=0 CNS=enable Jr=load; 
// 

// Check if the process is already at the supervisor level . 

// 

ADDR=int_supervisor_f 1 JUMP=condit ional JUMP=supervisor_t ; 
// 

// It is not already in supervisor mode and the procedure 
// necessary to gain the supervisor status is entered. 

// 

int_user : 
// 

// Save and clear DSO and DS1, because the supervisor 

// data segment is fixed at DSO=0 and DS1=0 (TMP2 and TMP3) . 

// 

DSO=enable TMP2=load; 
DSl=enable TMP3=load; 

CNSv=0 CNS=enable DS0=load DSl=load; 
// 

// Save SP and get the supervisor stack pointer from SSP (TMP4) : 
// it is assumed that SSP is correctly set up. 

// 

SPr=enable TMP4=load; 
SSP=enable SPr=load; 
// 

// Now SP is pointing the supervisor stack: user SP, 
// DS1 and DSO are pushed onto the stack. 

// 

SPi=-4 ; 
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TMP A 
1 1X1 it L i 


Q V"l H V~\ 1 Q 

— fc;Iia.D-l- e 


na- 

UJA — 


sp 


M— 
1X1— 


"V* H v-i \r J, / 

L cLL 1 K O Z 


M— 
1X1— 


: by 1 6 3 


M— 
1X1— 


ciaL. a 


M — 
1X1— 


it am_ 


_W6 } 




TMD A 
1 IXlir H 


/— ^ V~l — ^ K~\ 1 /~\ 

-enauie 


Ti A — 


sp 


M— 
1X1— 


"v™ — * v~i \r < J 

l ariK o z 


M— 
1X1— 


: byts2 


M— 
1X1— 


Oala 


M — 
1X1— 


it am_ 






TMP A 
1 lYiJr H 


/— ^ V~l — ^ K~\ 1 /— ^ 

-enauie 


Fl A — 


sp 


M— 
1X1— 


j_ ariK o z 


M— 
1X1— 


: by t e 1 


M— 
1X1— 


aa u a 


M— 
1X1— 


it am_ 


_we ; 




TMID A 
1 lYiJr H 


/— ^ V~l — ^ K~\ 1 /— ^ 


Fl A — 


sp 


M — 

1X1— 


"v™ — * v~i -< ) 

I. ariK o z 


M— 
1X1— 


■Dyt e u 


M— 
1X1— 


aa u a 


M— 
1X1— 


it am_ 


_W6 


CD-! 

o Jr 1 


TMP ^ 
1 1X1 lr 3 


— 13 1 1 a. _L tr 


rt a — 


sp 


M— 
1X1— 


v v-i T / 


M— 
1X1— 


: by t g 3 


M— 
1X1— 


Ha-ha 

cia a 


M— 
1X1— 


it am_ 


_W6 } 




TMID "3 
1 lXlJr o 


-enauie 


Ti A — 


sp 


M— 
1X1— 


"V™ — \ v~i \r J J 

l ariK o z 


M — 


: by 1 6 2 


M — 

1X1— 


Ha-ha 


M— 
1X1— 


2ram_ 


_we } 




TMP ^ 
1 1X1 lr 3 


— e 1 1 a. .D -L 


Ft A — 


sp 


M— 
1X1— 


v v-i T / 

l an kjz 


M— 
1X1— 


: by t g 1 


M— 


Ha-ha 

cia u. a 


M — 
1X1— 


it am_ 


_W6 } 




TMP "3 
1 lXlJr o 


-enauie 


Ti A — 


sp 


M— 
1X1— 


"V™ — \ v~i \r J J 

l ariK o z 


M — 


■Dyt e u 


M — 

1X1— 


Ha-ha 


M— 
1X1— 


irarn_ 


_W6 




TMP 9 
1 Mr/ Z 


/— ^ v~i — \ k~\ 1 /— > 

— enaDJ- e 


Ti A — 


sp 


M— 
1X1— 


"V™ — \ VI 1^ J V 

i_ ariK o z 


M — 

1X1— 


: by 1 6 3 


M— 
1X1— 


Ha-ha 


M— 
1X1— 


iram_ 


_we } 




1 MP Z 


=enable 


DA— 


sp 


M— 


r ank3 2 


M- 


: byt e2 


M- 


data 


M— 


r am_ 


.we ; 




TMP 2 


=enable 


DA= 


sp 


M= 


rank32 


M= 


=bytel 


M= 


data 


M= 


ram_ 


we ; 




TMP 2 


=enable 


DA= 


sp 


M= 


rank32 


M= 


=byteO 


M= 


data 


M= 


ram_ 


we 


SPi 


// 





























=-4; 



-4; 



=-4; 

// Wow the FL is pushed onto the stack, then the status 

// is changed: 'supervisor' and 'transition' flags are set, 

// whereas the IRQ enable flag is disabled. 

// 

FL=enable DA=sp M=rank32 M=byte3 M=data M=ram_we; 
FL=enable DA=sp M=rank32 M=byte2 M=data M=ram_we; 
FL=enable DA=sp M=rank32 M=bytel M=data M=ram_we; 
FL=enable DA=sp M=rank32 M=byteO M=data M=ram_we SPi=-4; 
// 

ALU=rank32 ALU=irqenO FL=load_alu; 
ALU=rank32 ALU=supervisor 1 FL=load_alu; 
ALU=rank32 ALU=transit ionl FL=load_alu; 
// 

// Continue with the remaining register to be 
// saved. 

// 

ADDR=int_supervisor_cs_pc JUMP=uncondit ional ; 
// 

int_supervisor_f 1 : 
// 

// The FL is pushed onto the stack and the status 
// is changed: IRQ enable flag is disabled. 

// 

SPi=-4 ; 

FL=enable DA=sp M=rank32 M=byte3 M=data M=ram_we; 
FL=enable DA=sp M=rank32 M=byte2 M=data M=ram_we; 
FL=enable DA=sp M=rank32 M=bytel M=data M=ram_we; 
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FL=enable DA=sp M=rank32 M=byteO M=data M=ram_we SPi=-4; 
// 

ALU=rank32 ALU=irqenO FL=load_alu; 
// 

// Continue with the following code. 

// 

int_supervisor_cs_pc : 
// 

// The code segment registers and the program counter 
// are saved on to the stack, then the code segment 
// registers are cleared. 

// 



CS1 


=enable 


DA= 


sp 


M= 


rank32 


M 


=byte3 


M= 


data 


M= 


ram_ 


we; 




CS1 


=enable 


DA= 


sp 


M= 


rank32 


M 


=byte2 


M= 


data 


M= 


ram_ 


.we; 




CS1 


=enable 


DA= 


sp 


M= 


rank32 


M 


=bytel 


M= 


data 


M= 


ram_ 


we; 




CS1 


=enable 


DA= 


sp 


M= 


rank32 


M 


=byteO 


M= 


data 


M= 


ram_ 


we 


SPi 


cso 


=enable 


DA= 


sp 


M= 


rank32 


M 


=byte3 


M= 


data 


M= 


ram_ 


_we; 




cso 


=enable 


DA= 


sp 


M= 


rank32 


M 


=byte2 


M= 


data 


M= 


ram_ 


.we; 




cso 


=enable 


DA= 


sp 


M= 


rank32 


M 


=bytel 


M= 


data 


M= 


ram_ 


.we; 




cso 


=enable 


DA= 


sp 


M= 


rank32 


M 


=byteO 


M= 


data 


M= 


ram_ 


we 


SPi 


PCr 


=enable 


DA= 


sp 


M= 


rank32 


M 


=byte3 


M= 


data 


M= 


ram_ 


.we; 




PCr 


=enable 


DA= 


sp 


M= 


rank32 


M 


=byte2 


M= 


data 


M= 


ram_ 


.we; 




PCr 


=enable 


DA= 


sp 


M= 


rank32 


M 


=bytel 


M= 


data 


M= 


ram_ 


.we; 




PCr 


=enable 


DA= 


sp 


M= 


rank32 


M 


=byteO 


M= 


data 


M= 


ram_ 


_we; 





// 

CNSv=0 CNS=enable CS0=load CSl=load; 
// 

// Dereference the IVT pointer into the interrupt 
// function address, loading the new value into the 
// PC register . 

// 

TMPO=enable Jr=load; 

DA=j M=rank32 M=byte3 M=data M=ram_oe; 
DA=j M=rank32 M=byte2 M=data M=ram_oe; 
DA=j M=rank32 M=bytel M=data M=ram_oe; 

DA=j M=rank32 M=byteO M=data M=ram_oe M=md_enable PCr=load; 
// 

// Restore the J register and finish. 

// 

TMPl=enable Jr=load ADDR=fetch JUMP=uncondit ional ; 
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// 

iret : 
// 

// Save and clear J, which is used for memory access (TMP1) 

// 

Jr=enable TMPl=load; 
CNSv=0 CNS=enable Jr=load; 
// 

// Restore PC, CSO and CS1 . 

// 



DA= 


sp 


M= 


rank32 


M= 


: byte3 


M= 


data 


M= 


ram_ 


oe; 






DA= 


sp 


M= 


rank32 


M= 


=byte2 


M= 


data 


M= 


ram_ 


oe; 






DA= 


sp 


M= 


rank32 


M= 


=bytel 


M= 


data 


M= 


ram_ 


oe; 






DA= 


sp 


M= 


rank32 


M= 


=byteO 


M= 


data 


M= 


ram_ 


oe 


M= 


=md_ 


DA= 


sp 


M= 


rank32 


M= 


=byte3 


M= 


data 


M= 


ram_ 


oe; 






DA= 


sp 


M= 


rank32 


M= 


=byte2 


M= 


data 


M= 


ram_ 


oe; 






DA= 


sp 


M= 


rank32 


M= 


=bytel 


M= 


data 


M= 


ram_ 


oe; 






DA= 


sp 


M= 


rank32 


M= 


=byteO 


M= 


data 


M= 


ram_ 


oe 


M= 


=md_ 


DA= 


sp 


M= 


rank32 


M= 


=byte3 


M= 


data 


M= 


ram_ 


oe; 






DA= 


sp 


M= 


rank32 


M= 


=byte2 


M= 


data 


M= 


ram_ 


oe; 






DA= 


sp 


M= 


rank32 


M= 


=bytel 


M= 


data 


M= 


ram_ 


oe; 






DA= 


sp 


M= 


rank32 


M= 


=byteO 


M= 


data 


M= 


ram_ 


oe 


M= 


=md_ 



// 

// Get the original FL, but the FL register is restored at the end 
// of the procedure (TMPO) . 

// 

DA=sp M=rank32 M=byte3 M=data M=ram_oe; 
DA=sp M=rank32 M=byte2 M=data M=ram_oe; 
DA=sp M=rank32 M=bytel M=data M=ram_oe; 

DA=sp M=rank32 M=byteO M=data M=ram_oe M=md_enable TMP0=load SPi=4; 
// 

// If the calling process was at supervisor level, the interrupt 
// stack is finished and there is no need to change stack. 

// 

ADDR=iret_t rans it ion_back JUMP=condit ional JUMP=transit ion_t ; 
// 

// The registers FL and J are restored and the procedure is 
// finished. 

// 

TMPl=enable Jr=load; 
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TMPO=enable FL=load_bus ADDR=fetch JUMP=uncondit ional ; 

// 

iret_t rans it ion_back : 
// 

// Get DSO, DS1 and SP, but at the moment the registers 
// are not restored (TMP2, TMP3 and TMP4) . 

// 



Ft ~h — 


sp 


M— 


L a.nK o Z 


M— 
l v l— 


: by 1 6 3 


M— 
l v l— 


Qata 


M— 


2ram_ 


_oe ; 






Ft ~h — 


sp 


1Y1 — 


l anK o z 


M— 
l v l— 


: by 1 6 2 


M— 
l v l— 


Qata 


M— 
l v l— 


2ram_ 


_oe ; 






DA= 


sp 


M= 


rank32 


M= 


=bytel 


M= 


data 


M= 


ram_ 


oe; 






DA= 


sp 


M= 


rank32 


M= 


OoyteO 


M= 


data 


M= 


ram_ 


oe 


M= 


md_ 


DA= 


sp 


M= 


rank32 


M= 


=byte3 


M= 


data 


M= 


ram_ 


oe; 






DA= 


sp 


M= 


rank32 


M= 


=byte2 


M= 


data 


M= 


ram_ 


oe; 






DA= 


sp 


M= 


rank32 


M= 


=bytel 


M= 


data 


M= 


ram_ 


oe; 






DA= 


sp 


M= 


rank32 


M= 


OoyteO 


M= 


data 


M= 


ram_ 


oe 


M= 


md_ 


DA= 


sp 


M= 


rank32 


M= 


=byte3 


M= 


data 


M= 


ram_ 


oe; 






DA= 


sp 


M= 


rank32 


M= 


=byte2 


M= 


data 


M= 


ram_ 


oe; 






DA= 


sp 


M= 


rank32 


M= 


=bytel 


M= 


data 


M= 


ram_ 


oe; 






DA= 


sp 


M= 


rank32 


M= 


=byteO 


M= 


data 


M= 


ram_ 


oe 


M= 


md_ 



// 

// Save SP into SSP 

// 

SPr=enable SSP=load; 
// 

// Restore the loaded register values (included J) and finish. 

// 

TMP2=enable DS0=load; 
TMP3=enable DSl=load; 
TMP4=enable SPr=load; 
TMPl=enable Jr=load; 

TMPO=enable FL=load_bus ADDR=fetch JUMP=uncondit ional ; 



// 

in a : 



// Device access is allowed only to the supervisor, but the device 
// number be read anyway. 

M=rank8 M=byteO M=code M=ram_oe M=md_enable IOA=load PCi=l 

ADDR=fetch JUMP=condit ional JUMP=supervisor_f ; 

IOC=req; 
CTRL=nop; 

IOC=enable Ar=load FL=update_bus ADDR=fetch JUMP=uncondit ional ; 
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in_b : 

// Device access is allowed only to the supervisor, but the device 
// number be read anyway. 

M=rank8 M=byteO M=code M=ram_oe M=md_enable IOA=load PCi=l 

ADDR=fetch JUMP=condit ional JUMP=supervisor_f ; 

IOC=req; 
CTRL=nop; 

IOC=enable Br=load FL=update_bus ADDR=fetch JUMP=uncondit ional ; 
out_a : 

// Device access is allowed only to the supervisor, but the device 
// number be read anyway. 

M=rank8 M=byteO M=code M=ram_oe M=md_enable IOA=load PCi=l 

ADDR=fetch JUMP=condit ional JUMP=supervisor_f ; 

Ar=enable IOC=load; 

IOC=req ADDR=fetch JUMP=uncondit ional ; 

out_b : 

// Device access is allowed only to the supervisor, but the device 
// number be read anyway. 

M=rank8 M=byteO M=code M=ram_oe M=md_enable IOA=load PCi=l 

ADDR=fetch JUMP=condit ional JUMP=supervisor_f ; 

Br=enable IOC=load; 

IOC=req ADDR=fetch JUMP=uncondit ional ; 

memcpy : 
// 

// Save the index registers used. 

// 

SPr=enable TMP0=load; 
Ir=enable TMPl=load; 
Jr=enable TMP2=load; 
// 

// Load arguments: source — > I, destination — > SP, size — > J 

// 



M= 


rank32 


M 


=byte3 


M= 


code 


M= 


ram_ 


oe; 


M= 


rank32 


M 


=byte2 


M= 


code 


M= 


ram_ 


oe; 


M= 


rank32 


M 


=bytel 


M= 


code 


M= 


ram_ 


oe; 


M= 


rank32 


M 


=byteO 


M= 


code 


M= 


ram_ 


oe 


M= 


rank32 


M 


=byte3 


M= 


code 


M= 


ram_ 


oe; 


M= 


rank32 


M 


=byte2 


M= 


code 


M= 


ram_ 


oe; 


M= 


rank32 


M 


=bytel 


M= 


code 


M= 


ram_ 


oe; 


M= 


rank32 


M 


=byteO 


M= 


code 


M= 


ram_ 


oe 
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M=rank32 M=byte3 M=code M=ram_oe; 
M=rank32 M=byte2 M=code M=ram_oe; 
M=rank32 M=bytel M=code M=ram_oe; 

M=rank32 M=byte0 M=code M=ram_oe M=md_enable Jr=load FL=update_bus 
PCi=4; 
memcpy_check : 
// 

// If the size is zero, the cycle is finished. 

// 

ADDR=memcpy_restore JUMP=condit ional JUMP=zero_t; 
Ji=-1; 

DA=i M=rank8 M=byte0 M=data M=ram_oe M=md_enable TMP3=load; 
TMP3=enable DA=sp M=rank8 M=byte0 M=data M=ram_we; 
Jr=enable FL=update_bus ADDR=memcpy_check JUMP=uncondit ional ; 
memcpy_restore : 

TMP0=enable SPr=load; 
TMPl=enable Ir=load; 

TMP2=enable Jr=load ADDR=fetch JUMP=uncondit ional ; 

// 

st_a_ssp : 

ADDR=fetch JUMP=condit ional JUMP=supervisor_f ; 

Ar=enable SSP=load ADDR=fetch JUMP=uncondit ional ; 

halt : 

CTRL=stop; 

// 

end 



14.23 Process mode and interrupts 

The main difference from any previous version of this experimental 
CPU lies in the distinction between two working modes: supervisor 
and user modes. When the CPU is started, the FL register is reset 
to 80i6, so that the supervisor flag is set. When the supervisor flag is 
set, all other flags can be changed, but when it is cleared, the flags 
FLj-a can not be changed by the process (except the IRQ request that 
is independent from the process). 
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Supervisor processes can be interrupted (by the hardware or by soft- 
ware), when it happens the process is suspended and some data is 
pushed onto the stack: FL, CS1, CSO and PC. Then the code seg- 
ment register are cleared, because the interrupt code must be located 
on an absolute memory address. The data segment is not changed 
and the process stack is used. During the interrupt process, the IRQ 
enable flag is cleared. 

When a user process is interrupted, the registers that should be saved 
into the stack are saved in some other temporary registers, then the 
stack pointer is replaced with the value contained inside SSP and 
then the old values are pushed: SP, DS1, DSO, FL, C52, CSO, PC. 
During the interrupt process, the IRQ enable flag is cleared, the su- 
pervisor flag is set and the transition flag is set. 

When returning from an interrupt, the transition flag is checked: if 
it is set, the stack is restored into temporary registers and then the 
register SSP is used to save the final stack pointer location. Then the 
user process registers previously saved are restored and it continues 
to run with the previous privileges. 

The preferred way to create a subprocess is to pretend that the pro- 
cess was interrupted, forging the stack that the interrupt would have 
produced, using then the iret instruction. The last example shown 
in the following sections is about the creation of user mode subpro- 
cesses. 

14.24 Macrocode example: x memcpy' 

« 

The following example shows the use of the instruction memcpy; it is 
requested to copy 32 bytes from the label data_0 to the label data_l . 



1 192 Version "F": 32-bit registers, big-endian, privileges 



Listing 14.62. Macrocode example using memcpy. 



begin macrocode @ 0 


start : 




memcpy 


#data_0, #data_l, 32 


halt 




data_0 : 




int 32 


0x12345678 


int 32 


0x9ABCDEF0 


int 32 


0x12345678 


int 32 


0x9ABCDEF0 


int 32 


0x12345678 


int 32 


0x9ABCDEF0 


int 32 


0x12345678 


int 32 


0x9ABCDEF0 


data_l : 




int 32 


0x00000000 


int 32 


0x00000000 


int 32 


0x00000000 


int 32 


0x00000000 


int 32 


0x00000000 


int 32 


0x00000000 


int 32 


0x00000000 


int 32 


0x00000000 


end 
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start: 



Figure 14.63. RAM memory content, before and after execution. 
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Figure 14.64. End of execution of the example above. Video: ogv 
h tip ://www.yo utube. com/wa tch 7v=PfFRAaZXWOQ 
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14.25 Macrocode example: TTY with interrupt 

The following example shows the IVT setup, IRQ activation and 
TTY echo (the typed text is echoed on the virtual screen): each key- 
press starts a IRQ1 signal that is processed without priority change, 
because everything runs as supervisor. 



Listing 14.65. Macrocode example. 



begin macrocode @ 0 








jump #start 








nop 








nop 








nop 








interrupt_vector_t able : 








int32 #def ault_interrupt. 


_rout ine 


// 


unasslgned 


int32 #def ault_interrupt. 


_rout ine 


// 


unas signed 


int32 #def ault_interrupt. 


_rout ine 


// 


unasslgned 


int32 #def ault_interrupt. 


_rout ine 


// 


unasslgned 
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int 32 


#def ault_ 


.interrupt. 


_rout ine 


// 


unas signed 


int 32 


#def ault_ 


.interrupt. 


_rout ine 


// 


unassigned 


int 32 


#def ault_ 


.interrupt. 


_rout ine 


// 


unas signed 


int 32 


#def ault_ 


.interrupt. 


_rout ine 


// 


unassigned 


int 32 


#def ault_ 


.interrupt. 


_rout ine 


// 


IRQ segmentation fault 


int 32 


#keyboard 




// 


IRQ keyboard 


int 32 


#def ault_ 


.interrupt. 


_rout ine 


// 


IRQ hard disk 


int 32 


#def ault_ 


.interrupt. 


_rout ine 


// 


IRQ real time clock 


int 32 


#def ault_ 


.interrupt. 


_rout ine 


// 


IRQ 


int 32 


#def ault_ 


.interrupt. 


_rout ine 


// 


IRQ 


int 32 


#def ault_ 


.interrupt. 


_rout ine 


// 


IRQ 


int 32 


#def ault_ 


.interrupt. 


_rout ine 


// 


IRQ 



def ault_interrupt_rout ine : 

iret 
keyboard : 

in %A, 1 

jump %zero, 1 , #keyboard_end 

out %A, 0 

jump #keyboard 
keyboard_end : 

iret 
keyboard_reset : 

in %A, 1 

jump Izero, 0 , #keyboard_reset 
return 
start : 
// 

// Set initial SP value. 

// 

load32 0, #stack_bottom 

store %A, %SP 

// 

// Reset the keyboard. 

// 

call #keyboard_reset 
// 



// 
// 
// 
// 



keyboard read 
if zero exit 
print on screen 
continue 



// 
// 



keyboard read. 

if not zero continue 
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// Set up the IVT 

// 

ivtl #interrupt_vector_t able 
// 

imrl 0xF7 // Allow all IRQs, except RTC. 

flag_i 1 // IRQ enabled. 

// 

loop : 
// 

// Just wait for interrupt . 

// 

jump #loop 
stop : 

halt 
// 

stack_top : 

int32 OxFFFFFFFF 

int32 OxFFFFFFFF 

int32 OxFFFFFFFF 

int32 OxFFFFFFFF 

int32 OxFFFFFFFF 

int32 OxFFFFFFFF 

int32 OxFFFFFFFF 

int32 OxFFFFFFFF 
stack_bottom: 
end 
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Figure 14.66. Stack after the IRQ1 begins to be processed. 
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Video: ogv http://www.youtube.com/watch?v=JKORUuKTwZQ 

14.26 Macrocode example: user and supervisor 

This version of the experimental CPU should be able to distinguish 
from supervisor processes with privileges and user process without 
privileges. The following code is a simple program playing with the 
stack, replacing values inside the registers A, B and C. At the mo- 
ment, this process runs with the default supervisor privileges. 

Listing 14.67. A simple process. 



« 



begin macrocode @ 0 
start : 

load32 0, 0x12345678 

push %A 

push %A 

call #subroutine 
pop %B 
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pop %C 




jump tsta 


rt 


subroutine : 




load32 0, 


0x9ABCDEF0 


push %A 




1 O "A 

push %A 




O T — 1 

pop %B 




pop %C 




return 




stop : 




halt 




stack_top : 




int 32 


OxFFFFFFFF 


int 32 


OxFFFFFFFF 


int 32 


OxFFFFFFFF 


int 32 


OxFFFFFFFF 


int 32 


OxFFFFFFFF 


int 32 


OxFFFFFFFF 


int 32 


OxFFFFFFFF 


int 32 


OxFFFFFFFF 


int 32 


OxFFFFFFFF 


int 32 


OxFFFFFFFF 


stack_bottom : 




end 





This program saves some space for the stack, but the SP register is 
not initialized and in fact it starts from the real bottom of the mem- 
ory. Video: ogv http://www.youtube.com/watch?v=VflvDOztElI . 

Apart the fact that at the moment the stack is placed at the very 
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bottom of the memory, as it is declared on the above script it occu- 
pies 70 bytes (46 1 6 ). The following program should run in supervi- 
sor mode and it should let start the user process (in user mode). The 
source listed below does not contain the code for the user process, 
instead it declares a space at the bottom, from user _process _start 
and user _process _end\ that space is of the same size of the user 
process: 70 bytes. 

Listing 14.68. A supervisor process with space for a user process. 

begin macrocode @ 0 
jump #start 
nop 
nop 
nop 

interrupt_vector_t able : 



int 32 


#def ault_ 


.interrupt. 


_rout ine 


// 


unas signed 


int 32 


#def ault_ 


.interrupt. 


_rout ine 


// 


unassigned 


int 32 


#def ault_ 


.interrupt. 


_rout ine 


// 


unas signed 


int 32 


#def ault_ 


.interrupt. 


_rout ine 


// 


unassigned 


int 32 


#def ault_ 


.interrupt. 


_rout ine 


// 


unassigned 


int 32 


#def ault_ 


.interrupt. 


_rout ine 


// 


unassigned 


int 32 


#def ault_ 


.interrupt. 


_rout ine 


// 


unassigned 


int 32 


#def ault_ 


.interrupt. 


_rout ine 


// 


unassigned 


int 32 


#def ault_ 


.interrupt. 


_rout ine 


// 


IRQ segmentation fault 


int 32 


#keyboard 




// 


IRQ keyboard 


int 32 


#def ault_ 


.interrupt. 


_rout ine 


// 


IRQ hard disk 


int 32 


#def ault_ 


.interrupt. 


_rout ine 


// 


IRQ real time clock 


int 32 


#def ault_ 


.interrupt. 


_rout ine 


// 


IRQ 


int 32 


#def ault_ 


.interrupt. 


_rout ine 


// 


IRQ 


int 32 


#def ault_ 


.interrupt. 


_rout ine 


// 


IRQ 


int 32 


#def ault_ 


.interrupt. 


_rout ine 


// 


IRQ 



def ault_interrupt_rout ine : 

iret 
op_code_error : 

halt 
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keyboard : 




in %A, 1 


// keyboard read 


jump Izero, 1, #keyboard_end 


//if zero exit 


out %A, 0 


// print on screen 


jump #keyboard 


// continue 


keyboard_end : 




iret 




keyboard_reset : 




in %A, 1 


// keyboard read. 


jump %zero, 0 , #keyboard_reset 


// if not zero continue 


return 




start : 




// 




// Set Initial SP value. 




// 




load32 0, #stack_bottom 




store %A, %SP 




// 




// Reset the keyboard. 




// 




call #keyboard_reset 




// 




// Set up the IVT 




// 




ivtl #interrupt_vector_t able 




// 




flag_i 0 // IRQ disabled. 




imrl 0xF7 // Allow all IRQs, 


except RTC. 


// 




// Build the user process stack. 




// 




build_interrupted_stack : 




load32 0, 0x00000046 // 


SP 


push %A 




// 




load8 0, #user_process_end // DS1 
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push %A 




load8 0, #user_process_ 


.start // DSO 


push %A 




// 




load8 0, 0x10 // 


IRQ enabled 


push %A 




// 




load8 0, #user_process_ 


.end // CS1 


push %A 




load8 0, #user_process_ 


.start // CSO 


push %A 




// 




load32 0, 0x00000000 


// PC 


push %A 




// 




flag_t 1 




run_user : 




iret 




// 




stop : 




halt 




stack_top : 




int32 OxCCCCCCCC 




int32 OxCCCCCCCC 




int32 OxCCCCCCCC 




int32 OxCCCCCCCC 




int32 OxCCCCCCCC 




int32 OxCCCCCCCC 




int32 OxCCCCCCCC 




int32 OxCCCCCCCC 




stack_bottom: 




user_process_start : 




intl6 0x1111 




int32 0x11111111 




int32 0x11111111 




int32 0x11111111 
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int32 


0x11111111 


int32 


0x11111111 


int32 


0x11111111 


int32 


0x11111111 


int 32 


0x11111111 


int 32 


0x11111111 


int 32 


0x11111111 


int 32 


0x11111111 


int 32 


0x11111111 


int 32 


0x11111111 


int 32 


0x11111111 


int 32 


0x11111111 


int 32 


0x11111111 


int 32 


0x11111111 


user_process_ 


end : 


end 





Please notice that starting at the label build ^interrupted _stack the 
user return stack is created and the flags are modified asserting that 
there 'was' a transition (an interrupt from a user process): that is why 
the stack is builded including also the registers SP, DS1 and DSO. 
Please notice also that the value pushed into the stack for the FL reg- 
ister would enable IRQs when the user process will be running. The 
following figure shows how should appear the process stack builded 
by the supervisor process. 
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Figure 14.69. Interrupted process stack, before the user process 
is effectively run. 

stack_top : 

00000092, 



'16 



00000000 PC 



000000B2 CSO 



000000F8 



00000010 



CS1 
FL 



000000B2 DSO 



000000F8 DS1 



y 

000000AE lfi 00000046 I SP 

16 v i 

stack_bottom : 
user_process_start : 

000000B2 16 



user_process_end : 

000000F8 16 

The program counter (PC) of the user process is saved with the value 
zero, because it is relative to the memory segment for data and for 
code (DSO and CSO). 

To build the memory image of the supervisor process and the user 
process, some more work is necessary. TKGate produces the fol- 
lowing memory code for the user process, as it was builded at the 
beginning of this example section: 



@o 

46 12 34 56 78 70 70 e6 
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0 0 0 
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On the other hand, the program representing the supervisor process 
produces the following memory image: 



@0 
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The user process memory image should be merged into the supervi- 
sor one, with the help of a text editor, like this: 



@0 










fc 0 


0 0 
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Video: ogv http://www.youtube.com/watch?v=ssFuzyjlwo8 . 

The above video shows what the whole thing does: the supervisor 
creates the return stack for the user process and then it (the supervi- 
sor) pretends to return from an interrupt signal that was never fired. 
The user process starts living with limited privileges and it does what 
it does all over again. When a key is pressed on the terminal, an IRQ 
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is fired and the user process is interrupted. The interruption implies 
a privilege change that requires transition to the supervisor stack. 
After the interrupt is processed (the key is shown on the terminal 
screen), if no other pressed keys are waiting, the user process is re- 
stored returning to the previous user stack. 
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